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CONCEPTS 


Drug Discovery by Combinatorial Chemistry-The Development of 
a Novel Method for the Rapid Synthesis of Single Compounds** 


Nicholas K. Terrett,* Mark Gardner, David W. Gordon, 
Ryszard J. Kobylecki and John Steele 


Abstract: Through the advantages conferred in the speed 
of synthesis, combinatorial chemistry is making a signifi- 
cant impact on the process of drug discovery. The mix-and- 
split paradigm has been an effective method for the pro- 
duction of compound mixtures, although there is now a 
need for new, fast library approaches to  generate well-char- 
acterised single compounds. Having already demonstrated 
the successful preparation and application of library mix- 
tures, we have now developed a novel combinatorial 
method for the production of single compounds. 


Keywords: combinatorial chemistry compound libraries * 


drug research * solid-phase synthesis 


The final outcome of the drug candidate discovery process is the 
identification of a chemical compound that has both the desired 
potency and selectivity for a specific biological target, and suit- 
able efficacy and bioavailability in appropriate test systems. 
Drug discovery is a lengthy and expensive business, and it fre- 
quently takes up to  five years from initiating a project to  the 
point where a drug candidate can be nominated for develop- 
ment and clinical trials. 


Early in the lifetime of a drug discovery project, medicinal 
chemists require a lead-a compound with an appreciable de- 
gree of affinity for the enzyme or  receptor biological target. 
With a lead in hand, they can proceed to the second phase, 
namely, the identification of a drug development candidate by 
the stepwise, incremental improvement of the lead’s biological 
profile. To address the first phase, the drug discoverer can use ii 
known literature or  competitor agent as a lead, or use a knowl- 
edge of structure or mechanism of the target to design a new 
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lead. But often, neither of these routes are possible, and empir- 
ical screening of compound files is the only approach to lead 
discovery. The average pharmaceutical company archive con- 
tains in the region of 200000 compounds, so automated meth- 
ods for rapid screening have been developed in order to test 
thousands of compounds in a period of weeks. 


However, even 200000 compounds inay be too small a num- 
ber to guarantee the discovery of novel biologically active lead 
compounds. Thus, a technique that permits the rapid synthesis 
of thousands or even millions of new compounds for lead dis- 
covery has quickly captured the imagination of many pharma- 
ceutical chemists. This technique is combinatorial chemistry, an 
approach that in its power to generate huge numbers of new 
compounds is already changing the face of drug discovery.[’] 


Combinatorial chemistry embraces a wide diversity of differ- 
ent high-speed and parallel synthetic techniques. The key to 
rapid production of novel molecules is the ability to use separa- 
tion techniques to effect an easy purification of intermediates 
and final products. To achieve this, solid-phase synthesis in par- 
ticular has been the main influence on library methodology. The 
ability to synthesise compounds on a n  inert polymeric resin 
bead, to force a reaction to  completion by the addition of excess 
reagents and monomers, and to then remove all the unwanted 
material by a simple filtration and wash is a t  the heart of most 
library synthesis (Figure 1). 


A second key component of combinatorial chemistry is the 
use of the mix-and-split paradigm, first described by Furka,[” 
which can be used to  generate mixtures of huge numbers of 
compounds. The method works as follows: a sample of resin 
support material is divided into a number of equal portions (s) 
and each of these are individually treated with a single different 
reagent. After completion of the reactions, and subsequent- 
washing to remove excess reagents, the individual portions are 
recombined. the whole is thoroughly mixed, and may then be 


[**I From a lecture delivered a t  the meeting of the British 
Association for the Advancement or Science a t  the 
University of Birmingham, Septcmber 9-13, 1996. 


I 
Figure 1.  The use of a solid phase for the synthesis o f X  Y allows excess monomer ( Y )  and reagcnts (R) 
to be removcd by a simple filtration. 
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divided again into portions. Reaction with a further set of acti- 
vated reagents gives the complete set of possible dimeric units as 
mixtures, and this whole process may then be repeated as neces- 
sary (for a total of n times). The number of compounds obtained 
arises from the geometric increase in potential products; in this 
case x to the power of n. 


Following the seminal publications from H o ~ g h t e n [ ~ ]  and 
Lam,[41 we at  Pfizer considered whether we could use the meth- 
ods of combinatorial chemistry for our in-house lead discovery 
programmes. We initially embarked on a trial synthesis of a 
library of 30752 trimeric compounds, to  test whether the mix- 
and-split technique would permit thc identification of a known 
endothelin antagonist, FR-139,317.r51 


The endothelins[61 are a family of peptides with potent and 
sustained vasoconstrictor activity. Raised plasma levels have 
been observed in conditions related to  systemic vasoconstric- 
tion, such as hypertension, heart failure and angina, and en- 
dothelin is thought to play a key role in acute and chronic renal 
failure. Consequently, there has been a concerted search for 
antagonists of the endothelin receptor subtypes. Many different 
antagonists have been described in the literature, and one of the 
first described, with selectivity for the ETA receptor subtype, was 
the modified tripeptide, FR-139,317 from FujisawaL7] (Fig- 
ure 2). 


Figure 2. The endothelin receptor antagonist FR-139,317, and thegeneric structure 
uf  the combinatorial library designed to iiiclude this ligand. 


The synthesis employed a set of 32 monomeric amino acids 
containing both I- and D natural amino acids and a number of 
unnatural amino acids. Three monomers in particular (L-Leu, 
N-Me-D-Trp and ~-2-PyrAla)  were included to ensure that FR-  
139,317 was synthesised as  a positive control within the library, 
and all trimers were N-acylated to  generate the homopiperidine 
urea (see generic library structure in Figure 2). The library syn- 
thesis followed a standard procedure on Wang polystyrene resin 
with the use of monomers protected by the 9-fluorenylmethoxy- 
carbonyl (Fmoc) group, to allow the formation of C-terminal 
carboxylic acids following trifluoroacetic acid (TFA) catalysed 
cleavage from the resin beads. As it was observed that D-2-Pyr- 
Ala would only couple in very low yield under the library syn- 
thesis conditions, this amino acid was omitted from the X and 
Y positions, and thus the total library size was 30752 com- 
pounds (32 x 31 x 31). 


The library synthesis and subsequent deconvolution of active 
mixtures proceeded uneventfully, and gratifyingly FR-139,3 17 
was “rediscovered” as one of the most potent constituents of the 
library. A number of other endothelin antagonists were identi- 
fied and their structures confirmed by mass spectrometry. One 
unexpected observation during the first round of screening was 
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that the mixture with X = p-(aminomethy1)benzoic acid ap- 
peared to possess the greatest activity. This mixture was fol- 
lowed up by further synthesis, and it was found that no mixtures 
(position Y fixed) containing X = p-(aminomethy1)benzoic acid 
had any significant activity. The analogue of FR-139,317 that 
containsp -(aminomethyl)benzoic acid in the place of L-Leu was 
synthesised independently and found to have an IC,, for the 
ETA receptor of 1.1 p ~ .  It is frequently observed that mixtures 
can give rise to  biological activity that cannot be confirmed in 
deconvolution. The activity of the p(aminomethy1)benzoic acid 
mixture in this case may be explained by the presence of a large 
number of weakly active components that additively give rise to 
the observed receptor affinity. However, in this library experi- 
ment we successfully demonstrated that it is possible to synthe- 
sise thousands of compounds in very few individual chemical 
steps, and furthermore that we could discover a known biolog- 
ically active receptor antagonist and a number of structurally 
related analogues. 


We have since applied the mix-and-split synthesis to the pro- 
duction of many other libraries, and in particular have synthe- 
sised libraries of non-peptides, which offer more suitable start- 
ing points for drug discovery. Although there are many peptide 
drugs, as a class peptides tend to  suffer from poor oral 
bioavailabili ty and rapid clearance from the body. Thus, the 
applications of combinatorial chemistry to drug discovery are 
most powerful when used to  prepare libraries of drug-like com- 
pounds employing coupling chemistry other than peptide bond 
formation. The range of solid-phase chemistry now available is 
substantial and continues to  grow with the weekly publication 
of papers describing new synthetic methodology.[’] 


Following the synthesis of the library targeted at the endothe- 
lin receptor described above we synthesised other combinatorial 
libraries with the specific intention of discovering unprecedent- 
ed lead compounds. A number of trimeric structures (Figure 3) 


acyl/sulphonyl caps simple amino acids 


Figure 3. The generic strticture for the library tested against the neurokinin-2 recep- 
tor. The compounds were based on a central complex amino acid capped on the 
C-terminus with a simple amino acid and on the N-terminus with an acyl or sulpho- 
nyl group. 


were generated which consisted of a complex amino acid, 
capped with an acyl group on the amino terminus and a “sim- 
ple” amino carboxamide on the C-terminal. Each central amino 
acid was used in the generation of 10000 component library, 
prepared as mixtures of 100 compounds, and screened against a 
range of biologically important targets. In particular, we were 
seeking novel antagonists of the neurokinin-2 receptor. 


One mixture (1) from a particular subset of 10000 compounds 
(100 mixtures of 100 compounds each) demonstrated potent 
affinity for the NK-2 receptor (Figure 4). We already knew 
that this I0000 component library was based on 2-(pheny1)- 
piperidinyloxyacetic acid and that the active mixture contained 
the adamantylacetyl group. As the mixture complexity was rela- 
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Figure 4. The most active mixture in the library tested against the neurokinin-2 receptor had thc generic 
Ytructure 1 .  Deconvolution identified the simple amino acid on the carboxy terminus, and defined the 
most active ligand to have the structure 2. Further orthodox follow-up synthesis investigated the 
analogues 3 and 4. 


tively low in this library, we used only one stage of deconvolu- 
tion. All 100 individual compounds within the mixture were 
resynthesised and assayed, and the identity of the preferred 
“simple” amino carboxamide determined. From this deconvo- 
lution, the diastereomeric mixture 2 was identified as a potent 
NK-2 receptor binder (1C5, = 59 nM). 


This lead compound has been followed up through both or- 
thodox and combinatorial chemistry. For example, orthodox 
synthesis was used to separate the diastereoisomers and to pre- 
pare the derivatives lacking the carboxamide (3, IC,, = 100 nM) 
and the amide carbonyl (4, IC,, = 40 nM) . Moreover, rapid 
parallel synthesis was used to replace the adamantylacetyl group 
with other acyl groups. Thus, both techniques have a place in 
drug discovery, their use being dictated by the type of chemistry 
being attempted. 


The mix-and-split approach to library synthesis is clearly a 
successful method for the discovery of novel lead compounds. 
However, the necessity to test mixtures does present several 
problems. As revealed in the endothelin library experiment, it is 
possible to be misled by false positives. In particular, if a mixture 
is composed of a number of weakly active compounds, the mea- 
sured biological activity is indistinguishable from a mixture con- 
taining one potent compound amongst inactive partners. Fur- 
thermore, the only way to determine whether the mixture 
contains a real active lead is to resynthesise the constituent com- 
pounds and resubmit them for test. This procedure, although 
relatively straightforward, as the chemist retains samples of key 
resin-bound intermediates and has the synthetic methodology 
ready to hand, still relies on additional chemical synthesis. The 
deconvolution process would be much easier if the constituent 
single compounds were already available to screen without 
needing to resort to resynthesis. 


So far, chemists have been unable to synthesise libraries 
easily where all the compounds are available in quantity as 
separate components. It is possible to synthesise individual com- 
pounds in parallel using 96-well microtitre plates or commer- 
cially available automated synthesisers, but the throughput 
is limited to around one hundred compounds in each run. To 
overcome these limitations, we have developed a new technique 
whereby hundreds or even thousands of individual compounds 
can be prepared using a modification of the mix-and-split syn- 
thesis. 


‘ 


The new methodology shares with mix-and- 
split the advantage that the same chemic, d 1 trans- 
formation can be applied to many substrates in 
the same reaction mixture, but the solid phase 
comes in a form that allows ready separation of‘ 
the products. Furthermore the solid phase is in a 
format that allows the synthetic history and thus 
the attached chemical structure to be decoded by 
examination of a printed code sequence. Li- 
braries are made on a new laminar form of the 
solid-phase material, which consists of two wo- 
ven sheets of inert polypropylene between which 
are sandwiched quantities of resin beads. The 
sheets are fused together in such a way that the 
beads arc fixed immobile even when the sheets 
are put through chemical transformations or di- 
vided. 


The process was exemplified by the synthesis of a trial 27- 
component tripeptide library, but it is applicable to larger num- 
bers of compounds and a variety of structural typcs. The synthe- 
sis commenced with the supply of three sheets of the laminar 
material approximately 6 cm by 6 cm in size, containing 1 % 
cross-linker polystyrene resin (approximately 1.3 mg cm- ’) 
functionalised with an aminomethyl residue. Each sheet was 
printed with a three-by-three grid enclosing three-letter code 
sequences unique to the positions on the sheets. The printing 
was done prior to the chemistry by using a UV-curable ink 
insoluble in commonly used organic solvents. In this example, 
the first synthetic step was the derivatisation of each sheet with 
the activated ester of the carboxymethylphenyl ester of a unique 
Fmoc-protected amino acid (Figure 5 ) .  This step derivatised the 
aminomethyl resin with an amino acid, attached through a link- 
er that could be cleaved under acidic conditions at a later point 
in the synthesis. 


Following complete solid-phase derivatisation, the sheets 
were washed, dried and then treated with piperidine to remove 
the Fmoc protecting group. Following reassembly of the three 


NHBoc 


.CI 


7 CAAl CBA 1 CCA I 


C-B- A-0 FmocHN 


Leu 
CI I code represents monomer 


sequence on bead 


Figure 5 In the synthesis of the 27-component combinatorial library on lamiiiar 
solid phase, the first step was the derivatisation of the individual sheets with the first 
amino acid derivative. The code sequence printed on the laminar sheets defined the 
synthetic history and thus the compound attached to each piece ofsolid phase at the 
end of the synthesis. 
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sheets into a stack, they were cut along the gridlines to give three 
sets of columns. Each set was individually treated with a n  acti- 
vated, Fmoc-amino acid to generate a unique dipeptide on each 
strip of laminar material (Figure 6). 


Fmoc.Tyr-OtBu FmocScr-OtBu Fmoc.Phe 


U U 
Figure 6. Following the vertical cutting of the sheets, each stack of columns was 
individually derivatised with the second amino acid. represcnted by the middle letter 
of the printed code. 


Following Fmoc removal, the laminar pieces were washed, 
dried and reassembled into the original stacks to facilitate cut- 
ting into three rows. The pieces from each row were combined 
and finally treated with individual activated amino acids to  gen- 
erate the final tripeptides (Figure 7). 


Fmoc Thr-OtBu 


uuu 


Fmoc Lys(Boc) 


--- 
Figure 7. The laminar stack was reassembled. and cut horizontally. The last cou- 
pling reaction grouped the rows of laminar pieces from the stack and attached the 
third amino acid represented by the first letter in the code sequence. 


Following the synthesis, the final library consisted of 27 
smaller pieces of laminar solid phase, each 2 cm by 2 cm, con- 
taining unique tripeptide sequences encodcd by the three letter 
sequence printed on each piece. To demonstrate that we had 
indeed made the compounds, cleavage with trifluoroacetic acid 
gave the final deprotected peptides in solution, and mass spec- 
trometry gave the expected accurate molecular ion wcights (Fig- 
ure 8 with some example mass spectral data). 


Thus, we have demonstrated that with the use of a novel 
laminar form of solid phase, it is possible to generate libraries of 


1920 - 


Thr.Ser.Lys 
m/e 335.0 
(334.46) 


Phe.Ser 
381.4 
.46) 


Figure X. The compounds in the 27-member tripeptide library were cleaved from 
the laminar sheets under acidic conditions. Mass spectrometry confirmed the pres- 
ence of the expected molecular ions for every compound (the observed molecular 
masses for three examples are quoted above with the expected masses in pdrenthe- 
sis). 


compounds by means of a modified mix-and-split synthetic pro- 
cedure. We are now investigating the use of this laminar library 
approach for the synthesis of larger libraries of non-peptidic 
compounds to assist our drug discovery programmes. 


Overall, combinatorial chemistry is increasingly being used 
for the rapid synthesis of individual high-quality compounds. 
The novel laminar methodology we have developed allows the 
rapid synthesis of large numbers of individual compounds in 
quantity, and in a form whereby their identity can be quickly 
ascertained by reference to the unique code sequence printed on 
the solid phase. This library approach is now being used in the 
synthesis of libraries for our drug discovery programmes. 


Received: April 8, 1997 “26641 


a) N .  K. Terrett, M. Gdrdner, D. W. Gordon, R. J. Kobylecki, J. Steele, Tetrahe- 
dron 1995, 51,  8135; b) F. Balkenhohl, C. von dein Busschc-Hunnefeld, A. 
Lansky, C. Zechel, Angrw. Chem. 1996, 108.2436; Anpew. Chrm. In/. Ed. Enpl. 
1996,35,2288; c )  P q t i d e  andNonpeptid6, Lihruricds(Ed.: G. Jung). VCH, Wein- 
heim, 1996. 
a) A. Furka. F. Sebestyen, M. Asgedom, G. Dibo. Ahstr .  14th hi. Conpr. 
Biochrm., Prague, Czechoslovakia, 1988, 5 ,  47; b) A. Furka. F Sebestyen. M 
Asgedom, G. Diho, Int .  J Peptide Protein Res. 1991, 37. 487. 
R.  A. Houghten, C. Pinilla, S. E. Blondelle, J. R. Appcl, C. T. Dooley. J. H. 
Cuervo, Nature (London) 1991,354, 84. 
K. S. Lam. S. E. Salmon, E. M. Hersch, V. J. Hruby, W. M. Kazmierski, R. J 
Knapp, Norarc (London) 1991, 354, 82. 
N.  K .  Tcrrett, D. Rojanic, D. Brown. P. J. Bungay. M. Gardner. D. W. Gordon. 
C. J. Mayers, J. Steele, Biourp. M e / .  Chem. Let/. 1995, 5 .  917. 
A. M. Doherty, J Mod. Chem. 1992, 35, 41 1. 
a )  K .  Hemmi, N. Fukami, M. Hashimoto, H. Tanaka, N. Kayakiri (Fujisawa), 
U’iwld Pntrnt W093/10144, 1991. h) K.  Sogabe, H. Nirei, M. Shouho. A. 
Nomoto, S. Ao. Y Notsu, T Ono, J. Pharmciiol. €up. Ther. 1993. 264. 1040. 
a) L. A. Thompson, J. A. Ellman, Chrm. Rev. 1996, 96, 555. b) P. H. H.  
Hermkens, H. C. J. Ottenheijm, D. Rees. Tetrahedron 1996. 52. 4527. c) J. S. 
Friichtel, G. Jung, Anpew. Chrm. 1996, 108. 19; Anpew.  Chrm In/. Ed. EnRI. 
1996. 35, 17. 


(c WILEY-VCH Verlag GmhH, D-69451 Weinheim, 1997 0947-653Y/Y7/0312-lY20 $17.50+.50,0 Chrm. Eur. J 1997. 3,  No. 12 








CONCEPTS 


Metallic Hydrogen at High Pressures and Temperatures in Jupiter** 


W. J. Nellis* 


Abstract: Electrical conductivities of hydrogen were mea- 
sured recently at 93-180 GPa (0.93-1.8 Mbar), 0.28- 
0.36 m ~ l c m - ~ ,  and 2000-4000 K. Shock temperatures 
were measured up to values of 5200 K at 0.83 Mbar. The 
conductivities indicate a continuous transition from a 
semiconducting to metallic fluid at 140 GPa and 3000 K. 
The results indicate that hydrogen becomes metallic much 
closer to the surface of Jupiter than thought previously and 
that Jupiter has no core-mantle boundary. 


Keywords: high-pressure chemistry - high-temperature 
chemistry * hydrogen * Jupiter * metallic hydrogen 


Knowledge of the properties of hydrogen at high pressures and 
temperatures is needed to understand the magnetic fields and 
the pressures, densities, and temperatures inside Jupiter and 
Saturn.[’- The interiors are at high pressures and high tem- 
peratures because of the planets’ large mass and low thermal 
conductivity. Pressure and temperature at the center of Jupiter 
are about 4 TPa and 20000 K.[,] Internal temperatures are well 
above the calculated melting curve of hydrogen.[41 Properties of 
hydrogen must also be known to understand the interiors of 
new Jupiter-size planets now being discovered close to nearby 


These giant planets might also be composed of massive 
amounts of hydrogen, since hydrogen has a cosmological abun- 
dance of approximately 90 atom %. For these reasons electrical 
conductivities and temperatures have been measured for fluid 
hydrogen and deuterium shock-compressed to pressures up to 
180 GPa.[6. ’I The conductivity experiments were performed 
with a reverberating shock wave to minimize the temperature 
and maximize pressure. The temperature measurements were 
performed at higher temperatures and lower pressures to inves- 
tigate effects of molecular dissociation. The theoretical model 
for dissociation derived from the temperature measurements 
shows that the conductivity experiments probed primarily the 
molecular phase.[6* 71 


[*I Dr. W. J. Nellis 
Lawrence Livermore National Laboratory, University of California 
Livermore, CA 94550 (USA) 
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I**] From a lecture delivered at the meeting of the British Association Tor the 
Advancement of Science a t  the University of Birmingham, September 9-13, 
1996. 


High shock pressures were generated by impact of a hyperve- 
locity impactor onto the front surface of a sample holder con- 
taining liquid hydrogen.[*] Al, Cu, or Ta impactors were acceler- 
ated to velocities up to 8 kms-’ with a two-stage light-gas gun. 
Both hydrogen and deuterium were used to obtain different 
shock-compressed densities and temperatures. In the conductiv- 
ity experiments hydrogen was contained between A1,0, anvils, 
which in turn were contained between Al disks.[61 Hydrogen 
shock pressure was determined by shock impedance matching 
the measured impactor velocity and known Hugoniot equations 
of state of the metal impactor, A1 disk, and A1,0, anvil. 
The pressure in hydrogen reverberates up to the first shock 
pressure in the AI,O,, independent of the equation of state of 
hydrogen.[’] The reverberation of the shock in hydrogen be- 
tween the A1,03 anvils produces a relatively low final hydrogen 
temperature. The electrical resistance was measured, and the 
electrical resistivity obtained by calibration (conductivity is the 
reciprocal of resistivity). In the temperature experiments hydro- 
gen was contained between an A1 disk and an A1,0, or LiF 
window.[’] Pressure and density were obtained by shock 
impedance matching. The temperatures of the first shock and of 
this shock reflected off the window were determined by fitting 
the optical spectra of the emitted radiation to a grey-body spec- 
trum. 


At ambient pressure condensed molecular hydrogen is a wide 
bandgap insulator with E, = 15 eV. Hydrogen is in the fluid 
phase in these experiments because the calculated temperatures 
are well above the calculated melting temperatures of approxi- 
mately 1000 K at 100 GPa pressures.[4] The shock-compression 
technique is very well suited for measuring the electrical conduc- 
tivity of hydrogen because: 


1) the high pressure reduces the energy gap, 
2) the reverberating shock maintains temperatures at a few 


0.1 eV, about 10 times lower than the temperature that would 
be achieved by a single shock to the same pressure, 


3) the relatively low shock temperatures activate sufficient con- 
duction electrons to produce measurable conductivities in 
the condensed phase, 


4) electrode dimensions and separations are of the order mil- 
limeters, which are straightforward to assemble, 


5 )  thermal equilibrium is obtained in a time less than the resolu- 
tion ( z  1 ns) of the measurements, 


6) most importantly, the experiments are ‘sufficiently fast 
(z 100 ns) that the hydrogen sample at high temperature 
cannot diffuse away. 
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The thickness of the hydrogen layer decreases from the initial 
value of 500 pm down to the compressed value of approximately 
60 pm, Current flow reaches its equilibrium flow pattern in 
about 1 ns for a layer 60 vm thick with our observed minimum 
electrical resistivity of 5 x I O - ~  Qcm. Supplemental experi- 
ments examining the electrical conductivity of shock-com- 
pressed A1,0, show that the conductivity of hydrogen at metal- 
ization (140 GPa) is five orders of magnitude greater than that 
of A1,0, .'lo] 


The electrical resistivities decrease from about 1 Qcm at 
93 GPa to 5 x Rcm at 140 GPa and are constant at 5 x 


Rcm at 155 and 180 GPa, as shown in Figure I.['] The 


0.0001 _ I 1  
80 100 120 140 160 180 200 


P (GPa) 


Figure 1. Electrical resistivity versus pressure for fluid hydrogen and deuterium. 
'The saturation resistivity of 500 pRcm above 140 GPa is that of the metallic fluid 
(ref. [h]) 


change in slope is indicative of the transition to the metallic 
state. Since our previous data"'] show that the electrical con- 
ductivity of hydrogen is thermally activated, we analyzed these 
results in the range 93-135 GPa using our previous dependence 
for a fluid semiconductor [Eq. (I)], where o is electrical 


cr = en exp( - E,/2k, T )  


conductivity, en depends on density p,  E&p) is the density- 
dependent mobility gap in the electronic density of states of the 
fluid, k ,  is Boltzmann's constant, and T is temperature. 


The density and temperature were calculated by computa- 
tionally simulating each experiment with a standard equation of 
state of hydrogen. Our least-squares fit of Equation (1) to the 
data gives E,(p) = 0.905 - (67.7)(p - 0.3), where E,(p) is in eV, 
~ ~ i s i n m o l c m ~ 3 ( 0 . 2 8 ~ 0 . 3 1  m ~ l c m - ~ ) ,  andc, =140(Qcm)-1. 
A value of 0 ,~200-300 (Qcm)-' is typical of liquid semicon- 
ductors.r121 E,(p) derived from this fitting procedure and k,T 
are equal at a temperature of 0.3 eV and a density of 
0.31 molcm-3. In this region of density and temperature, the 
energy gap is smeared out thermally, activation of electronic 
carricrs is complete, disorder is already saturated in the fluid, 
and conductivity is expected to be weakly sensitive to further 
incrcases in pressure and temperature. At 0.31 molcin-3 the 
calculated pressure is 120 GPa, which is close to the 140 GPa 
pressure at which the slope changes in the electrical resistivity. 
At higher pressures of 155 and 180 GPa the resistivity is essen- 
tially constant at 5 x Qcm, a value typical for liquid 
metals. Thus, fluid hydrogen becomes metallic at about 


140 GPa and 3000 K after a continuous transition from a semi- 
conducting to metallic fluid. 


the electrical con- 
ductivity of fluid metallic hydrogen is essentially identical to 
that of fluid Cs and Rb undergoing the same transition from the 
semiconducting to metallic state." 31 


About 5 %  of the hydrogen molecules are dissociated at 
metalization in the fluid at  3000 K (discussed below). The sizes 
of the hydrogen molecule and atom and their initial electronic 
energy gaps are similar; this suggests that in the mixed-phase 
fluid at high temperatures the two are mutually soluble and 
form a common mobility gap in their electronic density of states, 
so that the energy gap measured is that of the mixture. 


The metalization pressure of 140 GPa in the warm fluid is 
substantially lower than 300 GPa, the typical theoretical value 
for the crystalline solid at 0 K.[14*151 The lower metalization 
pressure in the fluid is probably caused by the fact that hydrogen 
molecules approach closer to one another in the warm disor- 
dered fluid than in the cold crystal. Also, the electronic energy 
gap is known to be very structure dependent,['6.'71 and the 
disorder allows the fluid to effectively sample many crystalline 
structures with lower band gaps. In addition several interactions 
occur in a cold lattice occupied by diatomic hydrogen molecules. 
which have a high zero-point vibrational energy, which can 
change crystal structure, orient their molecular axes relative to 
the crystal structure, and undergo charge transfer. These inter- 
actions in the crystal inhibit band-gap closure["] and are climi- 
nated by melting, which thus reduces the metalization pressure 
relative to that of the solid. 


We have also measured temperatures of liquid deuterium and 
hydrogen shock-compressed up to 83 GPa and 5200 K.['] The 
firsi-shock temperatures up to 20 GPa are in excellent agree- 
ment with predictions based on molecular hydrogen." '] The 
second-shock temperatures at pressures up to 83 GPa, obtained 
by reflection of the first shock off a window, are lower than 
predicted for the molecular phase. The lower measured temper- 
atures are caused by a continuous dissociative phase transition 
above 20 GPa. This partial dissociation from the molecular to 
the monatomic phase absorbs energy, which causes lower tem- 
peratures than expected if all the hydrogen were to remain 
molecular. The theoretical model for molecular dissociation 
derived from the temperature data was used to calculate the 
dissociation fraction in the conductivity experiments.[6* '1 At 
140 GPa and 3000 K the dissociation fraction is calculated to be 
about 5 O h .  Since only about 5 % of the hydrogen molecules are 
dissociated at metalization, electronic conduction is probably 
caused by electrons delocalized from H l  ions.[*'] This is differ- 
ent than the monatomic phase predicted initially by Wigner and 
Huntington.[2 'I  However, the nature of hydrogen at these ex- 
treme densities is still to be illucidated. 


Because hydrogen is in equilibrium in these experiments, the 
results were used to develop a theoretical model with which to 
calculate conditions inside Jupiter. Since Jupiter is approxi- 
mately 90 atom % hydrogen, this simple approach gives impor- 
tant general features of the equation of state and electrical con- 
ductivity of Jupiter. 


The shock temperature data were used to derive a model for 
molecular dissociation at high pressures and temperatures. This 
model was used to calculate the isentrope of hydrogen starting 


As first noted by Hensel and 
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from the surface conditions of Jupiter (165 K and 1 bar).['21 
When plotted as temperature versus pressure, the isentrope of 
hydrogen increases monotonically up to about 40 GPa, at which 
point the temperature reaches a broad plateau. The temperature 
of hydrogen might even decrease by approximately 2 O/o from 40 
to 180 GPa, as shown in Figure 2. This weak temperature de- 
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Figure 2. The solid curve is the isentrope of hydrogen calculated from surface 
conditions of Jupiter (165 K and 1 bar) plotted as temperature versus pressure. 
Open circles and squares are temperature and pressure at which electrical conductiv- 
ities were measured (ref. [6] and [I I ] ) .  Metalization ofhydrogen in Jupiter occurs at 
140 GPa. 


pendence is caused by the continual increase in molecular disso- 
ciation with increasing pressure. Jupiter also contains approxi- 
mately 10 atom% He. He is much hotter at a given density and 
pressure than is molecular hydrogen, because He has no internal 
degrees of freedom to absorb energy in this regime. Thus, the 
warmer He probably causes the temperature of Jupiter to al- 
ways increase monotonically with increasing pressure, the con- 
dition that drives convection. Jupiter is known to be convective 
because it has a large external magnetic field produced by the 
convective motion of electrically conducting hydrogen by dy- 
namo action. In addition, convective heat transfer to the surface 
is the reason why Jupiter radiates more internal energy than it 
receives from the sun. It is possible, however, that Jupiter is 
convectively quiescent over a radially thin region. A possible 
maximum in temperature versus pressure might induce an addi- 
tional layer in the molecular region, as has been predicted to 
occur at 42 GPa by Zharkov and G ~ d k o v a . [ ~ '  That is, a quies- 
cent boundary layer over a long period of time might facilitate 
settling of ice and rock from hydrogen and cause an abrupt 
density change.[221 


The continuous dissociative phase transition from the molec- 
ular to the monatomic phase means that there probably is no 
sharp boundary between the molecular mantle and the 
monatomic metallic-hydrogen core of Jupiter. Most recent 
models of Jupiter assume a sharp boundary between a molecu- 
lar mantle and monatomic core at an internal pressure of 
300 GPa. 


A major issue about Jupiter is the region in which the magnet- 
ic field is produced. On the basis of calculations of electrical 
conductivities of dense fluid hydr0gen,['~-'~1 the magnetic field 
has been thought to be produced primarily in the monatomic 
metallic core and in the molecular mantle, as How- 
ever, the relative contributions of each region have bcen uncer- 


tain. The electrical conductivity inside Jupiter was calculated by 
evaluating Equation (1) along the isentrope of hydrogen de- 
scribed above.[2y] To demonstrate that electrical conductivities 
were measured at pressures and temperatures representative of 
those in Jupiter, both this hydrogen isentrope and the tempera- 
tures and pressures achieved in the electrical conductivity mea- 
surements are plotted in Figure 2. 


The density-dependant energy gap was taken as the linear 
fit to the previous detcrminations.r6.'11 The fit to these two 
data sets is given by Equation (2) in the range 0 .13<p< 
0.3 m ~ l c m - ~  with E, in eV. The prefactors (ro determined in 


E, = 20.3 - 6 4 . 7 ~  


the two sets of experiments differ by lo4 at densities of0.13 and 
0.30 m ~ l c m - ~ .  Values of D" at intermediate densities were ob- 
tained by exponential interpolation of these data [Eq. (3)]. 


cr,(p) = 3.4 x IOxexp(- 44p) ( 3 )  


Equation (3) fits the value of oo determined at 0.13 molcm-3 
(1.1 x lo6 (Qcm)..'), and o0 is close to the value obtained near 
0.3 m ~ l c m - ~  (1.4 x 10' (Clem)-'), where hydrogen is undergo- 
ing a continuous transition from a semiconducting to metallic 
fluid. Also, CT extrapolates to the metallic value of D = 


2000 (Rcm)-' (resistivity = 5 x 
The electrical conductivity of monatomic metallic hydrogen 


was predicted theoretically to be higher, 1-2 x lo5 (Rcm)- 1,[241 


than measured for the molecular phase, 2 x lo3 (Rcm)-' at 
0.31 ~ n o l c m - ~  and 3000 K.r61 The metallic hydrogen conductiv- 
ity predicted theoretically is expected to be accurate at higher 
pressures for densities above 0.5 molcm- ', where the molecules 
are expected to be fully dissociated into a monatomic metallic 
fluid. The electrical conductivity of hydrogen along the isen- 
trope in Figure 2 is shown in Figure 3. The conductivity was 
calculated up to 120 GPa, where the electronic energy gap ap- 
proaches the temperature, and was then extrapolated up to thc 
metallic value of 2000 (Qcm)-' at 140 GPa. 


For comparison, we also calculated electrical conductivities 
in the molecular envelop of Jupiter[261 using Equation (1) with 
o,, = 300 (Qcm)-', a value typical of a liquid semiconduc- 


Qcm) at 140 GPa. 


h lo: 10 li S - 


P (GPa) 


Figure 3, Electrical conductivities of hydrogen in Jupiter plotted versus pressure 
along isentropes of hydrogen. FA, M. and S are defined in the text (ref. [29]) 
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tor,['21 and different relations of E,(p) at OK for molecular 
hydrogen calculated by Freidli and Ashcroft (FA)r301 and by 
Min et al. (M)l3'I ,  along an isentrope of hydrogen calculated by 
Saumon et al.[321 These two curves, FA and M in Figure 3, can 
only be calculated up to 200 GPa where the temperature on the 
isentrope is equal to the bandgap of the molecular phase. As 
shown in Figure 3, for pressures below 20 GPa all three models 
approach a common value. For pressures above 40 GPa our 
calculated conductivities are one to two orders of magnitude 
greater than those calculated with FA and M. Further theo- 
retical  result^^^^^ imply that the conductivity of monatomic 
metallic hydrogen at what was thought to be the core-mantle 
boundary (300 GPa, 0.65 molcm-3, and 10000 K) should be 
lo5 (Qcm)-' (S in Figure 3). 


The metalization pressure of 140 GPa observed in the fluidr6] 
is substantially lower than 300 GPa, the typical theoretical value 
for the solid at 0 K.[l4, 15] This lower pressure implies that hy- 
drogen in Jupiter becomes metallic at about 0.9 of the radius, as 
predicted by S m o l u c h ~ w s k i , [ ~ ~ ~  rather than about 0.8 of the 
radius for 300 GPa. Because of the large volume of Jupiter this 
corresponds to about 50 more Earth masses of metallic hydro- 
gen than thought previously. Also, an electrical conductivity 
as low as 20 (Rcm)-' might contribute to the magnetic field 
of Jupiter because a conductivity of this value is thought to 
be responsible for producing the magnetic fields of Uranus 
and Neptune.[331 As shown in Figure 3, a conductivity of 
20 (Rcm)-' is achieved in Jupiter at 80 GPa. For these reasons, 
the external magnetic field of Jupiter would be produced in the 
molecular envelop substantially closer to the surface with a 
metallic conductivity about two orders of magnitude smaller 
than thought previously. 


The above results imply that the magnetic field of Jupiter is 
produced in the region in which fluid molecular hydrogen un- 
dergoes a continuous dissociative phase transition. Based on the 
theoretical model for molecular dissociation derived from shock 
temperature experiments, about 10 % of the hydrogen mole- 
cules are dissociated at metalization in Jupiter (140 GPa and 
4000 K). Once hydrogen metalizes, additional changes in elec- 
trical conductivity caused by the continuous molecular transi- 
tion to complete dissociation at higher pressures are expected to 
be relatively small for an additional two- to threefold increase in 
pressure. That is, in a fluid the increase in the electrical conduc- 
tivity is dominated by the increase in the number of conduction 
electrons. Once they are all excited to form a metal, further 
changes in conductivity are expected to be relatively small (fac- 
tor ~ 2 )  as density and temperature increase somewhat with in- 


crease in pressure and depth, so that up to 2-3 times the ob- 
served metalization pressure, the electrical conductivity is about 
2000 (Rcm)- '. At higher pressures, temperatures, and depths at 
which molecular dissociation becomes complete, the pure 
monatomic phase is expected to form a metallic plasma and the 
higher predicted conductivity is expected to apply. However, the 
external magnetic field is caused primarily by a conductivity of 
about 2000 (Qcm)-' in the outermost portion of Jupiter. 
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Gas-Phase Reactions at Low Temperatures: Towards Absolute Zero** 


Ian W. M. Smith,” Ian R. Sims and Bertrand R. Rowe 


Abstract: Very recently, methods have been developed for 
studying the rates of chemical reactions between electrical- 
ly neutral species in the gas phase at temperatures as low as 
13 K. Here we review this exciting development in gas- 
phase chemical kinetics. Emphasis is placed on the impor- 
tance of the information which the experiments have pro- 
vided, both from the viewpoint of posing new questions 
about the factors which control chemical reactivity and 
because of their relevance to the modelling of molecular 
synthesis in interstellar clouds. 


Keywords: gas-phase chemistry * interstellar chemistry * 


kinetics * low-temperature chemistry * radicals 


Introduction 


At the molecular level, as the temperature of a gas is lowered, its 
average energy content falls. Because the internal motions, vi- 
brations and rotations are quantised, the distributions over 
these quantum states change according to the Boltzmann laws. 
If these distributions can be measured spectroscopically, the 
temperature can be inferred-we have a “molecular thermome- 
ter”. In addition, the distribution of speeds in a gas changes: the 
average speed and the spread of speeds become less as the tem- 
perature falls, whilst the actual values depend on the mass of the 
molecules as well as the temperature. Gases eventually condense 
when the relative motion of their molecules becomes insufficient 
to overcome the attractive forces between them. Consequently 
boiling points depend on both relative molecular mass and on 
the strength of the intermolecular interactions : water and 
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ethanol have unusually high boiling points for their molecular 
masses because of their unusually strong intermolecular attrac- 
tions. 


A century ago, one of the major aims of physical chemists was 
to liquefy the “permanent gases”, and to understand the pro- 
cesses by which this was achieved. An important milestone was 
the liquefaction of air independently by Hampson and Linde in 
1895, and this work reached its zenith-and was complete- 
when Kammerlingh Onnes succeeded in liquefying helium in 
1905. The low temperatures required were reached by expansion 
along with cooling by gas that had previously undergone expan- 
sion. In view of what follows, it is worth emphasising that the 
crucial process for the achievement of low temperatures was 
expansion. Gases were made to do work against either an exter- 
nal medium or against their own intermolecular forces, or both. 


In recent years, physical chemists have developed techniques 
based on gaseous expansions to study gas-phase species, isolat- 
ed molecules, and small clusters at extremely low temperatures 
before they condense. Nearly all of these experiments have made 
use of extreme expansions from a high-pressure reservoir 
through a small orifice into a high vacuum. The frequency of 
collisions during the expansion is sufficient to reduce the trans- 
lation-rotational temperature, in some cases to below 1 K,  and 
to form small “fragile” clusters, held together by weak van der 
Waals forces,[’] but is insufficient to cause real condensation. 
The medium produced in these free jet expansions is not promis- 
ing for kinetic studies, since downstream of the nozzle the gas 
density is very low and continually changing. It was B. R. Rowe 
who realised that the dense uniform supersonic flow created 
downstream from a Lava1 nozzle was a much more promising 
medium for investigating gas-phase reactions, and his group 
applied it to the study of ion-molecule reactions at tempera- 
tures down to 8 K.r21 In collaboration with Rowe’s group, we 
have developed a CRESU apparatus (Cinetique de Reaction en 
Ecoulement Supersonique Uniforme) for studying reactions be- 
tween electrically neutral species[3, 41 and it is these experiments, 
their results and their importance which are briefly reviewed 
here. 


Discussion 


Gas Reactions at Low Temperatures-The Reasons Why! Our 
aim has been to measure the rates of chemical reactions in the 
gas phase at temperatures far below those at which the reactants 
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involved have a n  appreciable vapour pressure. In other words, 
experiments must be performed under supersaturated condi- 
tions. It is worth remembering that, broadly speaking, as mole- 
cules get larger their chemistry gets richer but their boiling 
points also rise. Before seeing how the experiments are per- 
formed, it may be worthwhile to examine the motives for this 
work. 


First, there is the excitement of facing and overcoming a new 
experimental challenge; of doing experiments under quite new 
physical conditions. This motive is coupled with the belief, not 
unusual amongst scientists, that such an exploration will uncov- 
er fresh and unexpected phenomena and thereby our knowledge 
and understanding of the processes under investigation will be 
improved. The temperature dependence of rate constants, k (T) ,  
for chemical reactions is often discussed in terms of the celebrat- 
ed Arrenhius equation : k( T )  = A exp( - EJRT) ,  where E, is the 
activation energy and is associated with the energy required to 
rcorganise the chemical bonds as reagents are transformed into 
products. Clearly, in any reaction for which this equation holds 
and the value of E, is significant, the rate constant must become 
vanishingly small as the temperature is reduced towards abso- 
lute zcro. Such a situation is illustrated in Figure 1 for thc reac- 
tion between CN radicals and H,, where the activation energy, 
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tional techniques for studying their kinetics fail at temperatures 
well above 180 K and measurements a t  lower temperatures are 
valuable. In addition, the temperatures in the atmospheres of 
other planets, or more particularly their moons such as Titan 
and Triton, are much lower. In all cases. a knowledge of chem- 
ical reaction rates is required to understand the rich chemistry 
and photochemistry which leads to the observed molecular 
abundances.[61 


Perhaps the most spectacular requirement for kinetic infor- 
mation at  ultra-low temperatures is in connection with the 
chemistry in interstellar Approximately 100 types of 
molecules have now been identified in these vast objects by 
radioastronomical techniques and it is generally agreed that 
these species are synthesised in situ; they are not generated in 
hotter denser regions and transported to the clouds. The tem- 
peratures in dark interstellar clouds, where most molecules are 
found, lie in the range 10-50 K. Until the impact of the work 
which is described here, it was generally believed that the chem- 
istry was driven almost entirely by processes involving electrical- 
ly charged species : ionisation by cosmic rays, ion-molecule 
reactions, dissociative recombinations, etc. The inclusion in 
chemical models of extensive neutral-neutral chemistry has had 
a profound impact on predicted molecular abundances.[61 


Gas Reactions at Low Temperatures-How They Are Studied: In 
a CRESU apparatus (Figure 2),  samples of gas are prepared by 
expansion through a convergent -divergent Lava1 nozzle. Each 
nozzle is constructed, for a particular “carrier gas”, to create a 
preselected combination of density and temperature in the su- 
personic flow of gas downstream from the nozzle exit. The use 
of several nozzles, each of which can be mounted on the gas 
reservoir, enables a range of conditions to  be created. The gas 
mixture prepared in the reservoir contains three constituents-a 
very small concentration of the photochemical precursor for a 
free-radical reagent (e.g., NCNO for CN radicals), a larger, but 
still small, concentration of the coreagent, and the carrier gas 
(He, Ar or N2), which is present in great excess. 


Within the cooled gas sample, we implement the well-estab- 
lished pulsed laser photolysis (PLP)- laser-induced fluorescence 
(LIF)  technique for studying the rates of radical reactions. One 


Figure 1. Arrhcnius plots of In(kkm3molccule-i s ’) versus 1000/(T/K) for the 
i-cxtion between C N  radicala and H,. The existence of a significant activation 
cnei-zy causes the rate constant to become vanishingly small at low temperatures. 


NdYAG- 
Pumped 


derived from experiments at room temperature and 
above, is 17.2 kJmol I. Therefore the kinetics of any 
reaction which is to be fast a t  ultra-low tempera- 
tures must be “non-Arrhenius”. Candidates include: 
a) ion- molecule reactions; b) reactions between free 
radicals; and c) some reactions of radicals with un- 
saturated species. 


A second major reason for interest in the kinetics of 
pas-phase reactions at ultra-low temperatures is their 
relevance in planetary and interstellar environments. 
The lowest temperature found in the Earth’s atnio- 
sphere is = 180 K, far above the temperatures which 
are reached in our experiments. Nevertheless, for 
many atmospherically important reactions, conven- 


Figure2. Schematic diagram of thc CRESU apparatus used in the study of neutral-neutral 
reaction? at the University of Rennes. 
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pulsed laser, fired first, photolyses a fraction of the precursor 
(for example, NCNO for CN radicals). The frequency of a sec- 
ond pulsed (dye) laser is tuned to an absorption in the electronic 
spectrum of the free radical, causing it to  fluoresce. The intensity 
of the LIF signal is proportional to the concentration of the 
radical, so by varying the time delay between the first laser pulse 
and the second, one can observe how the radical's concentration 
varies as it is removed by reaction with the coreagent. Experi- 
ments a t  different concentrations of the coreagent enable the 
rate constant for the reaction to be determined. 


Gas Reactions at Low Temperatures-Results: The unique 
CRESU apparatus a t  the University of Rennes has now provid- 
ed rate constants for upwards of twenty elementary chemical 
reactions between neutral species. Table 1 identifies these reac- 
tions and lists the lowest temperatures for which rate constants 
have been determined. 
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Table 1. The minimum temperatures for which rate constnnts have bccn measurcd 
for reactions of CN, OH and C H  radicals and for Ihc removal of vibrationally 
excited CH ( v  = I ) .  
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Figure 3. Variation of thc rate constants with temperature for three rextions 0 1  
diffcrent types' a )  between two radicals, CN + 0,: b) between i~ radlcal nrld a n  
unsaturated molecule. CN + C,HZ: c )  between a radiciil and ii satnratcd molecnlc. 
C N  + C,H,. 


For all these reactions, the general trend is for the rate con- 
stants to increase as the temperature is lowered-exactly con- 
trary to what the Arrhenius equation would lead one to antici- 
pate-and the rate constants a t  the lowest temperatures are 
close to the values which one would expect on the basis of simple 
collision theory. (In assessing this statement, the reader should 
be aware that our method can only measure rate constants for 
fast reactions!) There is no space here to d o  all these results 
justice, so we have chosen just three examples, for which results 
are shown in Figure 3. 


The rcaction between C N  and 0, was the first neutral-neu- 
tral reaction to  be studied in a CRESU apparatus.r31 Its rate has 
now been determined in direct experiments spanning the tem- 
perature range 13-3800 K! Between 750 K and 23 K the rate 
constant fits the form k(T)  = k(298 K)(298/T)", with 
n = - 0.6. Doubtless, and not surprisingly, it proceeds by the 
initial and transitory addition of CN to 0, (both reagents are 
free radicals, in that they possess unpaired electrons) followed 
by the breakdown of the NCOO complex to NCO + 0 (al- 
though N O  + CO may be minor products). 


The kinetic behaviour of the reaction between C N  and C,H, 
is similar to that of several reactions of unsaturated molecules 
with radicals." ~ 91 When the long-range, electrostatic, forces are 


especially large, it appears that the rate constants reach ii limit- 
ing value and indeed they may even decrease as the temperature 
is lowered further. It seems that the rate of reaction is being 
controlled entirely by the rate a t  which the two reagents arc 
"captured" and brought into intimate contact by the long-range 
attractive potential between them, behaviour which seems to be 
common in reactions which occur a t  or near the collision rate at 
low temperatures. However, in other cases, such as the C N  + 0, 
reaction, it is not just the limiting long-range potential which is 
important; the transition-state region moves to smaller inter- 
reagent separations, where chemical forces of attraction are bc- 
ginning to act. 


The reaction between CN and C,H, is one of replacement, the 
products being HC,CN + H .  Cyanopolyynes are among the 
largest and most interesting species which have been found in 
the uh-d-cold environment of inters tehr  clouds. Our results, 
along with a simple chemical argument and indirect evidence, 
suggest that they may be synthesised in sequences of reactions 
involving CN and the isoelectronic radical C,H. Although the 
rate constants for reactions between C,H and acetylene and 
polyynes have not been determined at ultra-low temperatures, 
they are known to be rapid down to 170 K, and analogy with the 
reactions of CN suggests that they will remain rapid at  still 
lower temperatures. If this is so, then reactions such as those in 
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Equations (1) and (2) could be responsible for the synthesis of 
the cyanopolyynes observed in interstellar clouds. 


C,H + H-(CJ-H --t H-(CJ,,+l H + H (1) 


CN + H-(CJ-H --+ H-(C,),-CN + H (2) 


The third example, chosen to illustrate the diversity of be- 
haviour found in our experiments, is the reaction between CN 
radicals and C,H, [Eq. (3)]. As it is an exothermic H-atom 


CN + C,H, + C,H, + HCN (3) 


abstraction reaction, one could be forgiven for expecting that its 
rate constant would vary with temperature according to the 
simple or modified Arrhenius equation. In practice, as the re- 
sults in Figure 3c  show, the rate constants show a complex 
dependence on temperature, increasing from a minimum value 
at ca. 200 K as the temperature is either raised or lowered.[’] The 
rate constant at 25 K is higher than at any other temperature 
below 1000 K. This high value of the rate constant at such a low 
temperature shows clearly that there cannot be any maximum 
along the path of minimum energy leading from reactants to 
products. The variation of k (T)  with temperature must reflect 
subtle changes in the nature and location of the transition-state 
bottleneck as the energy and angular momentum in the colliding 
systems change. Alternatively, one could say that the reaction 
rate is controlled by entropic factors whose variation determines 
how the rate constant changes with temperature. 


Summary and Prognosis 


The implementation of the PLP-LIF technique in the super- 
cold environment provided in a CRESU apparatus by con- 
trolled expansion through a Lava1 nozzle has enabled us to 


1928 - 


measure the rates of elementary gas-phase reactions at tempera- 
tures far lower than have previously been accessed. The results 
obtained have aroused considerable interest from two groups of 
“beneficiaries” : theoretical chemists interested in the factors 
which control chemical reactivity, and astrophysical chemists 
who attempt to reproduce the species abundances in interstellar 
clouds through the use of chemical models. 


The unique apparatus that was constructed in Rennes, and 
which has been used in all the experiments which are referred to 
in this short review, now has a British cousin in the University 
of Birmingham. The versatility of the CRESU technique has 
been further demonstrated by very recent measurements a) in 
Birmingham, on state-to-state energy transfer in NO- He colli- 
sions down to 7 K,[lo1 and b) in Rennes, on the first reactions 
of metal (Al) atoms.“ Many exciting problems remain to be 
solved! 


Received: April 8, 1997 [C663] 


[1] Faraday Discuss. Chem. Soc. 1994,97, Structure and Dynamics of Van der Waab 
Complexes. 


[2]  B. R. Rowe in R a e  Coefficients in Aslrorhemisrry (Eds.: T. J. Millar, D. A. 
Williams), Kluwer, Dordrecht, 1988, p. 135. 


[3] I. R. Sirns, J.-L. Queffelec, A. Defrance, C. Rebrion-Rowe, D. Travers, 
P. Bocherel, B. R. Rowe, I. W. M. Smith, J Chem. Phps. 1994, 100, 
4229. 


[4] I. R. Sims, I. W. M. Smith, Ann. Rev. Pl7y~. Chem. 1995, 46, 109. 
[5]  a) E. Herbst, Ann. Rev. Phys. Chem. 1995.46, 27; b) D. A. Williams, Chem. 


[6] E. Herbst, H.-H. Lee, D. A. Howe,T. J. Millar, Mon. Noi. R .  Astron. Soc. 1994, 


[7] I .  R. Sims, J.-L. Queffelec, A. Defrance, D. Travers, B. R. Rowe, L. Herbert, 


[S] I. R. Sims, P. Bocherel, A. Defrance, D. Travers, B. R. Rowe, 1. W. M. Smith, 


[9] A. Canosa, I .  R. Sims. D. Travers, I. W. M. Smith, B. R. Rowe, Asrron. Astro- 


Eur J 1997,3, 1929. 


268, 335. 


J. Karthauser, I. W. M. Smith, Chem. Phys. Lett. 1993, 211, 461. 


J Chem. Sor. Faraday Trans. 1994, 90, 1473. 


phys. 1997, 323, 644. 
[lo] P. James, I. R. Sirns, I. W, M. Smith, Chem. Phy,y. Lett. 1997, 272, 412. 
[ll] A. Canosa, S. LePicard, B. R. Rowe, personal communication. 


fi2> WILEY-VCH Verlag GmbH, D-69451 Weinheirn, 1997 0947-6539/97/0312-1928 S 17.50+.50/0 Chem. Eur. J 1997.3. No. 12 








CONCEPTS 


Molecules in Space* * 


David A. Williams* 


Abstract: The distribution and nature of interstellar matter 
in the Galaxy is described. The chemical processes by 
which the rich variety of molecular species arise are briefly 
sketched. The importance of interstellar molecules in influ- 
encing the evolution of the Galaxy is emphasized. 


Keywords: gas-phase chemistry - interstellar chemistry - 
ion-molecule reactions star formation - surface chem- 
istry 


Space isn’t empty! On a clear, dark night we can see in the sky, 
with the naked eye, a few thousand stars and perhaps several 
planets. If the Moon is up, then it is the most prominent night- 
sky object and its brilliance makes the night sky so bright that 
many of the fainter stars become invisible. We might also have 
the rare sight of a comet or of meteorites causing “shooting 
stars”, reminding us that some astronomical phenomena are 
transient. That is the total of the universe that we can see with 
the naked eye. However, a moment’s thought would convince us 
that this cannot be the whole story. The bright stars that we can 
see are emitting radiation at a high rate, and must use up their 
store of energy within a finite lifetime. The brightest of them can 
be shown to have a lifetime of a few million years, whereas we 
know from the geological record that the Earth is a few biftion 
years old. So the inference is that stars have formed in the 
Galaxy in the very recent past, and-by implication-are form- 
ing now. The question is immediately raised in our minds: from 
what are the stars formed? There must be some source material 
available. 


Telescopes operating in the visible and other regions of the 
spectrum reveal a much richer, more complex situation than 
that revealed by naked-eye observation. Optical photographs 
show that bright stars are often associated with clouds of gas 
and dust, suggesting that these clouds are the source of new 
stars. Precisely how this material is processed into stars is one of 
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the great themes of modern astronomy, and, as we shall see, 
chemistry has a fundamental role to play in this process. Other 
optical photographs show that, at various stages of their lives, 
stars may return matter to interstellar space in steady winds, in 
jets, or in ejecta from stellar explosions such as novae or super- 
novae. This ejected material is rich in the “ashes” of the ther- 
monuclear “burning” of hydrogen to heavier elements (especial- 
ly carbon, nitrogen, oxygen, and elements up to iron), so the 
elemental composition of the interstellar gas is enriched as this 
return continues. New stars form from this enriched interstellar 
gas, and in their turn will enrich it further, so that each cycle of 
the process changes the chemical and physical properties of the 
gas, and of the stars and planets that may form from it (see 
Figure 1). 


STARS GAS 


\T.4R FOR>IATIOS 


Figure 1. The cycle of material into and out of the interstellar medium 


Observations in other regions of the spectrum are more re- 
vealing than optical photography which, because of the obscu- 
ration caused by widespread interstellar dust mixed with the gas, 
is restricted to relatively nearby objects (a few thousand light 
years distant) in the plane of the Galaxy. Emission and absorp- 
tion of hydrogen atoms at a wavelength of 21 cm is widespread 
in our Galaxy and in other galaxies, and shows that neutral 
hydrogen clouds are the most massive component of interstellar 
space. Observations in the millimetre wave region of the electro- 
magnetic spectrum show that these hydrogen clouds contain an 
enormous variety of fairly simple molecules (see Table 1). Most 
of these species have been detected through their rotational 
emission spectra. For example, the CO 1-0 rotational transition 
corresponds to a wavelength of 2.6 mm, and the transition ener- 
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Tablc I. Moleculcs detected ni inter\tellar and circumstellar regions ( 1 1 :  no. of 
riloiiis: I .  linear, ( :  cyclic) 


t4 
11,s 
SO, 
NH 
N, l f t  
HNO 
H C h  
HNC 
c ,H 
HCO 
HCO 
occ 
H C 5 &  
c,5 
C,O 


NH, HC,N 
H , O i  C,11 
H,CO CH2NH 
HNCO C11,CO 
tI,CS NH,CN 
HNCS tIOCHO 
C,N c-C,H2 
<-C3H Ctl,CN 
/-C,H H2C3 


C,O FIC,NC 


HOCO' 
HCNH' 


c,s C11, 


C , H I  


CH,OII 
CH,CN 
CH,SH 
NH,CHO 
CI1,NC 
HC,CHO 
c',o 
H ,C4 


gy is equivalent to a temperature of about 5 K;  therefore. if CO 
is present in interstellar gas, the 1 - 0 rotational transition may 
bc excited collisionally even at very low gas kinetic tempera- 
tures. 


The distribution of interstellar gas: The interstellar gas is irregu- 
larly distributed. We can see this from optical photographs of 
ncarby stars and gas in our Galaxy, but a general view is ob- 
scurcd by the dust grains that apparently always accompany the 
gas. This dust. composed essentially of soot and sand grains 
formed in the atmospheres of cool stars, acts like a fog that 
renders the denser clouds opaque in the visual region of the 
spectrum (see Figure 2). However. radiation of longer wave- 
lengths readily penetrates these clouds and provides informa- 
tion about regions of molecular clouds whcre star formation is 
occurring. Most of the mass is in relatively dense, relatively cool 
clumps or clouds. embedded in a warm or hot and tenuous 
medium. The cooler, denser gas is rich in molecules and is main- 


tigurc' 2. A pholoeraph ofa  dark cloud silhoueltcd against a rich star biickground. 
Thc dust grains mixed with the gas iii this dark cloud ahsoi-h a i d  scalter starlight. 
mahing the cloud opaque a t  optical navelengths (from P. Murdin and D Allcn. 
Cataloguc of the IJnivcrse (photogrdphy b> D. Mahii), Cambridge University Press, 
('ambridge. 1979) 


ly neutral. The hotter gas is almost completely ionized and is 
atomic. The situation is summarized in Table 2."] It is evident 
that most of the mass that is available to form stars is contained 
within the cool, mainly neutral molecular clouds. which are well 


Tablc 2. The main types of region i i i  interstcllar space. 


7' (K)  Number Filling Mass 
deiisity (m-") factor ('%) h c t i o i i  (%) 


~ -~ ~~ 


inolrcular cloud? 10 10'" < 1  2 50 
diffuse clouds 100 1 0 8  3 2 50 
intcrcloud  as 103 106 2z 50 
"coroii;iI" gas 106 10" = 50 - 


traced by molecular rotational emissions. The interstellar clouds 
are largely molecular when the gas number density is greater 
than about 10" H atoms per m3, and there are extensive regions 
of molecular clouds that have number densities of around 10'" 
H atoms per m3 within which cores of even higher density are 
detected [ 10' H atoms per m3). The molecular gas is almost 
always cold (z 10 K ) ,  except where the gas is heated dynamical- 
ly and transiently, or by a nearby star. Some associations of 
molecular clouds form entities of masses approaching one mil- 
lion solar masses. These "giant molecular clouds" arc the largest 
objects within the Galaxy, and are the sites where the brightest 
and most massive stars are formed. The total mass of gas in the 
interstellar medium is about 10% of the mass of all the stars. so 
the star formation process in the Galaxy can continue for some 
time yet. The star formation rate in the entire Galaxy is current- 
ly about one solar mass per year, so that the process could 
continue a t  this rate for as much as 10 billion years. In some 
other galaxies (particularly elliptical galaxies, as distinct from 
spiral galaxies like our own Galaxy) the fraction of mass in 
interstellar matter is very much smaller (<0.1 YO);  so we may 
conclude that star formation has effectively ceased in them. 


The chemical composition of the interstellar gas: The variety of 
molecules that has been detected in interstellar clouds is illus- 
trated in Table 1 .[I1 Most of the molecules have been detected in 
the denser molecular clouds (an H, number density of 
n(H,) 2 10' m-3) by means of their rotational emission spectra 
excited in thermal collision with H, molecules. The different 
transitions of the various species trace different density and 
temperature regimes: for a given transition, too grcat a collision 
rate will cause collisional quenching of the upper state. So, for 
example, the CO J = 1 - 0  emission tends to trace gas with 
n(H,)= 10" while the similar transition in CS traces gas at 
- lo1 '  m-3 .  


The existence of the molecules listed in Table 1 implies that 
other species must also be present. For example, although intcr- 
stellar O2 and N, havc not been detected (as their rotational 
spcctra are strongly forbidden), nevertheless the detection of 
species such as N,H+ and of OH seems to imply that the 
homonuclear diatomics are present. In addition, there is strong 
evidence that polycyclic aromatic hydrocarbons (PAH's) are 
present. A series of spectral features in the infrared, between 
wavelengths of about 3 and 12pm, is suggestive of PAH's. 
though no precise identifications have been madc. It is speculat- 
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ed that cage molecules such as C,, or the derivatives C,,H, 
(O<m<60), etc., are present in the interstellar medium, and 
there is a suggestion that the ion, C;,, is detected. Thcrefore, 
although the conditions in interstellar molecular clouds appear 
hostile (low temperature, low density, particle and electromag- 
netic irradiation), nevertheless a rich chemistry incorporating 
some species not prcviously well studied (e.g. the linear chain 
HC,N, n = 3, 5 -  11) has developed. 


The large molecules present may be regarded as thc tail of the 
size distribution of the dust grains from sizes of the order of a 
micron into the microscopic regime. The dust is well-mixed with 
the gas, and plays a variety of roles that affect the chcmistry. For 
the present discussion, chief among these are the shielding 
against starlight of cloud interiors, inhibiting the photoprocess- 
ing of molecules; surface catalysis; ice mantle formation and 
chemical processing of the ices. It seems likely that the source of 
the PAH molecules, if their existence in the interstcllar medium 
is confirmed, is in the erosion of dust grains of amorphous 
carbon in shocks and other regions of high excitation. 


Interstellar chemistry: The gas in molccular clouds is almost 
entirely molecular hydrogen. The ratio of H atoms to He atoms 
is 10: 1. The elements C, N, and 0 together comprise around 
0.1 %, with magnesium, silicon, sulfur and other specics com- 
prising around 0.01 % by number. The cloud interiors are gener- 
ally dark, being shielded from starlight by interstellar dust. 
What is thc chemistry by which the remarkable variety of species 
in Table 1 is brought about? 


Reactions between the neutrals in thc low-temperature gas 
are generally inhibited by energy barriers. However, ionization 
by cosmic rays (mainly %MeV protons and electrons) permits 
a sequence of fast ion-molecule reactions to occur. When the 
sequence is completed, then recombination will creatc a neutral 
spccies. Figure 3 illustrates schematically how these ion - 
molecule schemes may be driven by the creation of the proton- 
donor H: from the cosmic-ray ionization of H,, and simple 
molecules involving C and 0 may be formed. Larger species 
may be formed by similar schemes, by radiative association (for 
which the efficiency rises very rapidly with complexity), by car- 
bon insertion, or by condensation reactions (see Figure 4)."] 


a) Cosmic ray ionization of H,: 
H, + H i  + e -  


b) Forination of H:: 
H: + H, --t H: + H 


c) Reactions of H: 
O + H :  -+ O H + + H  


d) Ion molecule reactions with H, 
OH '  + H, + H,O+ + H 
H , O ' + H ,  --t H , O + + H  


e) Dissociative recombinations: 
H,O+ + e -  + H,O + H; OH + H, 


f )  Neutral exchange reactions: 
O H + C  + C O + H  


Figure 3 Dark-cloud chemistry: schematic representation of how the ionization (a) 
of interstellar H, molecules caused by cosmic-ray particles creates (b) the reactive 
ion, H:, which drives (c) a sequence of ion -molecule reactions (d). The product 
molecular ions recombine disaociatively (e) to form a variety of neutral hydride 
species. Further reactions (f) between these species form molecules with more than 
one heavy atom. 


a) CIi: + H,O + CH,.H,O- + hv 
CH, H,O+ + e + CH,OH + H 


c )  CH: + C,H + C,H: + H 


Figure 4. More complicated interstellar species may be formed through 
a) radiative aswciationb of polyatomic species, b) carbon insertion reactions. and 
c) condensation reactions. Examples of these arc Siveii here. 


All of these gas phase schemes depend on the prescnce of 
molecular hydrogen. However, gas phasc routes for H, forma- 
tion are not efficient. The existence of H, in regions penetrated 
by stellar UV radiation at wavelengths % 100 nm (which dissoci- 
ates H,) requires a more efficient mechanism. This is proposed 
to be surface catalysis on intcrstellar dust, in either Elcy- 
Rideal (H(gas) + H(ads) --f H,), or Langmuir-Hinshelwood 
(H(ads) + H(ads) + H,) modes. The requirement of the astro- 
nomical observations of interstellar H, is that the probability of 
an H atom arriving at  a grain and leaving as part of an H2 
molecule is high, in the range (0.1 - 1 .O ) .  


Sincc surface chemistry is invokcd for H, formation. it is 
possible that surface chemistry also plays a part in the formation 
of other species.[2' Evidence for this is in the detection of the 
radical, NH, along several lines of sight towards bright stars. 
Nitrogen atoms are expectcd to be neutral in such rcgions, and 
their reaction with H, is strongly inhibited at low temperatures; 
hence, gas phase routes to form NH secm to be excluded. On the 
other hand, the assumption that N atoms are coiivcrted to NH 
and thcn to NH, with reasonable efficicncy at dust grain sur- 
faces can readily satisfy the observational requirement. 


In darker regions in the interior of dark clouds, dust grains 
accumulate mantles of ice, mostly H,O, but also containing CO, 
CH,OH, and possibly NH, and a variety of other species. The 
water (and possibly the ammonia) moleculcs are probably 
formed in situ by hydrogenation of atoms incident on grain 
surfaccs and then retained, whereas the other species may sim- 
ply freeze-out from the gas phase. These icc mantles represent a 
considerable store of molecular species that can in some circum- 
stances, e.g. the formation of a nearby star, be released back into 
the gas phase, creating a transient overabundance."' This situa- 
tion is, apparently, observed in dense packets of gas heated by 
newly formed stars: these are called "hot cores". 


The irradiation of ice particles by UV, X-ray or energetic 
particles may initiate a solid state chemistry, and there have 
been many studies of laboratory analogues of this process. For 
example, in an ice consisting mainly of H,O with a minor com- 
ponent of CO, irradiated by UV with a dose sufficient to give 
each H,O one UV photon, a range of product species is pro- 
duced:CO,(37%),CH,OH(O.8%),H,CO(4%)andHCOOH 
(4%). These species could be released to the gas phase either on 
formation or at  some stage where the ice mantles are evaporat- 
ed. Astronomical evidence suggests that in some situations the 
sequential hydrogenation of CO to CH,OH may be occurring. 


The role of molecules in astronomy: Molecules provide impor- 
tant tracers of gas in regions that are obscured from study by 
interstellar dust. The rotational emission spectra from the vari- 
ety of species present, and the various rotational levels populat- 
ed in collisions, ensure that there is always an appropriate tracer 
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available for the temperature and density conditions under 
which molecules exist. By using several tracers, we can build up 
a detailed picture of the density and temperature structure of a 
particular region. 


However, molecules play a more fundamental role than sim- 
ply passively tracing the interstellar material. The energy emit- 
ted in their rotational spectra is often the dominant cooling 
mechanism for regions undergoing dynamical change. Thus, in 
the gravitational collapse of tenuous gas clouds (typically 
n(H,)z lo9 m-3) to dense cores (typically n(H2)x1012 m-3) 
where gravity is dominant, the gravitational potential energy 
released will appear as heat and must be removed radiatively, 
otherwise the consequent pressure increase will arrest the col- 
lapse. Since the gas is cool ( z  10 K) the most effective radiators 
at these temperatures are molecules whose rotational transitions 
can be thermally excited even at these low temperatures. Hence, 
important coolants in gravitationally collapsing molecular 
clouds are the abundant species that possess dipole moments, 
namely, carbon monoxide (in its various isotopic forms: 


Gravitational collapse is resisted not only by thermal and 
turbulent pressure but also by magnetic pressure. The coupling 
between the magnetic field and the gas is determined by the 
ionized fraction of the gas, through ion -neutral collisions. The 
timescale over which magnetic support can be significant is 
called the ambipolar diffusion timescale and is about 4 x lo5 
years for molecular cloud gas in which the fractional ionization 
is typically around This timescale is comparable to the 
gravitational collapse time for molecular clouds; so the extent to 
which magnetic fields can inhibit the collapse is controlled by 


1 2  C 16 0, 13C160, I2Cl8O, etc.), H,O, OH, etc. 
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the level of ionization, which itself is determined by the chem- 
istry through recombination, especially the fast dissociative re- 
combination of molecules.[31 


The various timescales associated with processes occurring in 
the collapse of molecular clouds in the early stages of star for- 
mation are listed in Table 3. We see that these processes tend to 
have similar timescales and that chemistry controls all these 
processes, apart from gravitational collapse. Chemistry is, 
therefore, central to the evolution of our universe.[4] 


Table 3. Approximate timescales, in years, associated with processes occurring in 
the collapse of molecular clouds in the early stages of star formation [a] 


gravitational collapse 


ion -molecule chemistry 
driven by cosmic-ray ionization 


freeze-out of molecules on to dust 
grains, forming icy molecular mantles 


cooling through molecular emission 
at low temperature 


ambipolar diffusion, magnetic support 


[a] n represents thenumber density of hydrogen molecules (m-') and x the fraction- 
al ionization in the cloud. Typical values of these parameters in molecular clouds are 
n = 10" m-', and x =lo-'. 
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Controlling Self-Assembly** 


Richard E. Gillard, Franqisco M. Raymo, and J. Fraser Stoddart* 


Abstract: As a result of cooperative noncovalent bonding 
interactions (namely, x--7[ stacking, [CH . . . 01 hydrogen 
bonding, and [CH . . ,711 interactions) supramolecular com- 
plexes and mechanically interlocked molecular compound.7- 
in particular pseudorotaxanes (precatenanes) and cate- 
nanes-self-assemble spontaneously from appropriate 
complementary components under thermodynamic and ki- 
netic control, respectively. The stereoelectronic informa- 
tion imprinted in the components is crucial in controlling 
the extent of the formation of the complexes and com- 
pounds in the first place; moreover, it has a very significant 
influence on the relative orientations and motions of the 
components. In other words, the noncovalent bonding in- 
teractions-that is, the driving forces responsible for the 
self-assembly processes-live on inside the final super- 
structures and structures, governing both their thermody- 
namic and kinetic behavior in solution. In an unsymmetri- 
cal [2]catenane, for example, changing the constitutions of 
the aromatic rings or altering the nature of substituents 
attached to them can drive an equilibrium associated with 
translational isomerism in the direction of one of two or 
more possible isomers both in solution and in the solid 
state. Generally speaking, the slower the components in 
mechanically interlocked compounds like catenanes and 
rotaxanes move with respect to each other, the easier it is 
for them to self-assemble. 


Keywords: catenanes * molecular recognition * 


pseudorotaxanes * supramolecular chemistry 
translational isomerism 


Introduction 


A lot of large and ordered molecular and supramolecular bio- 
logical systems are constructed from small and simple sub- 
units by means of self-assembly processes.[’ - 31 Many of the 
features of self-assembling biological systems are illustrated by 
the tobacco mosaic virus (TMV) .[41 This viral particle is com- 
posed of a single strand of RNA (6400 nucleotides) encased in 
a protein sheath 3000 A long and 180 A in diameter. The protein 
sheath is formed from 2130 identical protein monomers, each 
containing 158 amino acid residues. A long time ago, it was 
demonstrated that the TMV can be dissociated into its compo- 
nent parts, and thereafter that the isolated components can be 
reconstituted in vitro, reforming the intact virus.[’] The assem- 
bly of TMV is an example of “strict self-assembly”. This term 
applies to a reversible process producing a final thermodynam- 
ically stable product upon combination of the “correct” compo- 
nents, which contain all the necessary stereoelectronic informa- 
tion for their “correct” self-assembly under the appropriate 
conditions. The reversibility of these processes, which result 
from the utilization of a range of cooperative noncovalent bond- 
ing interactions, drives the self-assembly of the final superstruc- 
ture (Figure 1) to a thermodynamic minimum. As a result, de- 
fective subunits are eliminated from the growing superstructure, 
ensuring a high degree of control. Furthermore, in some in- 
stances, identical repeating subunits are employed in building 
large superstructures, thus reducing greatly the amount of “ge- 
netic” information required to control the self-assembly pro- 
cess. A wide range of artificial systems that self-assemble under 
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Figure 1 .  Schematic representation of a self-assembly process occurring under ther- 
modynamic control. 
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thermodynamic control as a result of strict self-assembly 
processes relying upon noncovalent bonding interactions such 
as hydrogen bonding[6] and metal coordination[71 have been 
generated. 


A second category of self-assembly processes-- namely, self- 
assembly with covalent modification-is observed in naturally 
occurring systems. This category is normally reserved for self- 
assembly processes involving the irreversible formation of cova- 
lent bonds. Such processes fall into three classes: precursor pro- 
cessing,"] post-assembly processii~g,[~] and self-assembly with 
intermittent processing.["] All three classes display four com- 
mon characteristics: a) they are highly convergent; b) stable 
and structurally diverse superstructures can be synthesized from 
relatively simple subunits; c) the use of identical subunits keeps 
the information required to direct the formation of the final 
superstructure to a minimum; and d)  the reversible nature of 
the self-assembly processes leads to a preferred pathway which 
is self-checking and self-correcting. 


Self-assembly provides an efficient chemical means of creat- 
ing interlocked structures. Since Pedersen's discovery that 
crown ethers form complexes with organic as well as metal 
cations. numerous investigations of the binding of organic guest 
species with macrocyclic polyethers have been reported.[6b1 The 
complex formed by a macrocyclic component encircling a linear 
component has been termed a [2]pseudorotaxane, where the 
number in square brackets corresponds to the total number of 
components present in the superstructure. The noncovalent 
bonding interactions which drive the formation of pseudorotax- 
anes can be employed to synthesize [2]catenanes, where one 
macrocyclic component acts as  the template["] for the macro- 
cyclization of the other, leading inexorably to the interlocking of 
the two rings. The self-assembly mechanism that creates these 
catenanes operates by intermittent processing; that is, a cova- 
lent bond is formed, followed by a molecular recognition event 
before a second covalent bond is formed. The selectivities asso- 
ciated with such a process have been found"'] to be governed 
not by the thermodynamics of noncovalent bonding interac- 
tions but rather by the relative rates of covalent bond formation 
in the final competing cyclization steps. A fascinating example 
of kinetic selection operating during the intermittently pro- 


cessed self-assembly of unnatural products can be witnessed in 
the five-stage two-step template-directed synthesis of a 
[7]catenane,[13' outlined schematically in Figure 2. 


Discussion 


From [21Pseudorotaxanes to [ZlCatenanes: A wide range of syn- 
thetic methodologies for the self-assembly of catenanes has been 
developed in recent years by exploiting different host-guest 
interactions, for example, the binding of aromatic guests inside 
the cavities of cy~lodextr ins , [ '~]  metal coordination.["] and hy- 
drogen-bonding interactions between amide-containing macro- 
cycles['61 or ammonium ions and crown ethers.[hh1 In particular, 
the recognition between n-electron-deficient and n-electron-rich 
components has provided the inspiration['71 for the syntheses of 
a large family of mechanically interlocked compounds. 


The bipyridinium herbicide paraquat['81 is capable of form- 
ing strong complexes["] with macrocyclic polyethers incorpo- 
rating n-electron-rich recognition sites (Figure 3. left). The X- 
ray crystal slructure of the I : I  complex formed between 
bis-p-phenylene-34-crown-10 and paraquat reveals['"] a pseu- 
dorotaxane-like geometry in which the paraquat dication is 
threaded through the cavity of the macrocyclic polyether. The 
complex is stabilized by a) [CH . . . 0 ]  hydrogen-bonding inter- 
actionsrzo1 between the hydrogen atoms in the x positions with 
respect to the nitrogen atoms on the bipyridinium unit and the 
polyether oxygen atoms, and by b) n-n stacking interac- 
tions'*" between the complementary n systems. By reversing the 
role of the recognition sites, the x-eIectron-deficient bipyridini- 
uni unit can be incorporated into a host capable of binding 
n-electron-rich guests. Indeed, cyclobis(paraquat-y-phenylene) 
forms[221 a 1 : 1 complex with 1,4-bis(2-(2-methoxyethoxy)- 
ethoxy)benzene (Figure 3, right). The X-ray analysis reveals the 
complex to be stabilized by a) [CH ' '01 hydrogen bonding 
interactions between the hydrogen atoms in the x positions with 
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Noncovalent 


Bonding 


Interactions 


[CH- - -01 . ... 


,111 XI,,... . [CH- - -XI 


P 
. *  


r: 
d 


Ill 
nn 


0 0 OMe 


O-OuOMe I 


. .  
under kinetic control and involving thc self-assembly of a [3]catenanc intcrrnediate, 
followed by the self-asscmbly of a [7'i]catcnane. 


Figure 3. Noncovalcnt bonding interactions driving thc self-assembly of two 
12]pseudorotaxanes, as revealed by their single-crystal X-ray analyses. 
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Figiire 4. The “molecular ineccano” set ofbuilding blocks that have been employed 
as recognition sites and spacers in the x-electron-deficicnt and n-electron-rich con- 
ponents of pseudorokixanes and catenanes. 


respect to the nitrogen atoms on the bipyridinium units and the 
polyether oxygen atoms, b) [CH . . ‘n] interactions[231 between 
the 1,4-dioxybenzene hydrogen atoms and the n-face of the 
p-phenylene spacers in the letracationic cyclophane, and by 
c) n-n stacking interactions between the complementary n sys- 
tems. 


A great deal of effort has gone into modifying the macrocyclic 
polyether and tetracationic cyclophane components of these 
host-guest systems and the catenanes derived from them. A 
small selection of the building blocks that make up  a so-called 
“molecular meccano set” is shown in Figure 4. Two variations 
can be envisaged for the macrocyclic polyether component: 
modification of the aromatic units or modification of the 
polyether chains. The 1,4-dioxybenzene rings of bis-p- 
phenylene-34-crown-10 have been replaced with 1,3-dioxyben- 
~ene , [ ’~]  disubstituted naphthalene[251 and anthracener2,’ units, 
as well as by difluoro- and tetrafluoro-substituted [271 1,4-dioxy- 
benzene rings. Also furan[281 and p ~ r i d i n e [ ~ ~ ’  rings have been 
incorporated symmetrically into the polyether chains. Similarly, 
the bipyridinium recognition sites or the aromatic spacers of 
cyclobis(paraquat-p-phenylene) can be modified. The bipyri- 
dinium units have been replaced by tranx-I ,2-bis(4-pyridini- 
um)ethylene[30] and by 2,7-diazapyrenium units.[311 The p-  
phenylene spacer has been replaced by a rn-phenylene,[241 a 
2,5-disubstituted thiophene ring,[32] a 4,4‘-biphenylene unit,[331 
an (S,S)-hydrobenzoin fragment[341, and a metal-coordinated 
2,2’-bipyridine ligand system, as well as binaphthol and a 1,5- 
disubstituted naphthalene ring system.[351 In addition, n-elec- 
tron-rich and n-electron-deficient recognition sites have been 
located within the same molecule, creating self-complementary 
cyclophanes . I3  


12)Pseudorotaxanes: The bipyridinium-based tetracationic cy- 
clophane 1 . 4  PF, binds n-electron-rich guests, such as the 1,4- 
dioxybenzene-based derivatives listed in Table 1, with pseu- 
dorotaxane-like geometries both in solution and in the solid 
state. The values of the association constants (K,’s) of the corre- 
sponding complexes range from 17 to 3 8 0 0 ~ - ’  in MeCN at  
25 “C, varying significantly with the nature of the substituents 
attached to  the aromatic ring of the guests. Interestingly, very 
low association constants were obtained[371 for the compounds 


Tahlc 1. Association constants for the 1 ’ 1 complexes l‘oriiied between the tetrttcii- 
tioriic cyclophane 1.4PE’, and the I ,4-dinxyhcn7enc-haacd acyclic guests 2 -  I2 in 
MeCN at 29X K .  


Guest Ka [a1 -AG”[c] Ref 


R& M-1 kcal mol-1 


2 -OH 18 1.7 37b 
3 -0Me 17 1.7 37a 
4 -0- 28 2.0 37b 
5 - O 4 / O H  257 3.3 37b 
6 -o-OMe 290 3.4 37b 
7 -o/Go*OH 2200 4.6 37a 


g -o/to*o-OH 2240 4.6 37a 


1 0  - O ” - ~ - - ” O ~ ~ * O H  2520 4.6 37a 
1 1  -0- 22 1.8 37b 


0 -O’-”o”bMe 3800 [b] 4.9 22 


1 2  -0-OH 54 2.4 37b 


[a] Dctcrmined by spectrophotoinetric tiIralion ;it E.,,, (between 465 i t n d  479 nm) 
corresponding to the charge-transfer band ol‘ the complex. [h] Determined bq 
‘H N M R  spectroscopy employing the continuous viiri;ition method. [cl Ficc ener- 
gy of complexation oalculatcd froni the value of K,,. 


2-4 bearing hydroxy or alkoxy substituents. On rcplacing thc 
terminal methyl groups of 4 with hydroxy and methoxy groups. 
as in 5 and 6, respectively, the K, values of the corresponding 
complexes increase by approximately one order of magni- 
t ~ d e . [ ~ ’ ]  Further extension of the polyether chains. as in 7 and 
8, results in an increase in the K, values by approximately one 
order of magnitude more.[22.371 By contrast, only a small in- 
crease in the K ,  values is observed[”1 upon addition of one and 
two more bismethyleneoxy units, as in 9 and 10, respectively. 
These observations suggest that the [CH . ‘01 interactions be- 
tween the polyether oxygcn atoms and the hydrogen atoms lo- 
cated in the a-positions with respect to the nitrogen atoms on the 
bipyridinium units, which are observed[”] (Figure 3, right) in  
the solid state, are maintained in solution and are responsible 
for the large differences in the K,  values. Furthermore, the 
largest contribution to the attractive [CH . . ‘01 interactions 
arises from the second and third oxygen atoms (counting away 
from the aromatic unit) along the polyether chains, while the 
effect of the addition of a fourth and a fifth oxygen atom in 9 
and 10, respectively, on the K, values is significantly less pro- 
nounced. Consistently, removal of the second and third oxygen 
atoms from the substituent chains of I 1  results[371 in a dramatic 
decrease of the association constant. Intereslingly, when only 
the second oxygen atom is removed from the substituent chains 
of 12, a very low value of K, is measured,[371 suggesting that the 
third oxygen atom needs the second one to approach the bipyri- 
dinium units; that is, wrapping of the polyether chains around 
the bipyridinium units is driven by allosteric effects associated 
with the helicity of these chains. 


In order to  assess the effect on the molecular recognition 
event of the nature and substitution pattern of the aromatic unit 
incorporated within the guest, the K, values measured in MeCN 
at  25 “C for the complexation (Table 2 and Figure 5) of the 
acyclic polyethers 7 and 13- 18 by the tetracationic cyclophane 
1 .4PF6 were compared. The 1,4-dioxybenzene-based com- 
pound 7 is strongly bound[371 (K ,  = 2 2 0 0 ~ - ’ )  by the tetra- 
cationic cyclophane 1,4PF, .  Introducing two fluorine sub- 
stituents in the aromatic unit of the guest, as in the compound 
13, results in a in the association constant of the 
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Table 2. Association constants for the 1 :1 complexes formed between the tetraca- 
tionic cyclophane 1.4PF6 and the acyclic guests 7 and 13-18 in MeCN at 298 K 
~ ~ ~ 


Guest K, [a1 (M - A G  (kcalmol-') Ref. 


7 2200 4 6  37a 
13 15 1 7  27 
14 0 0 27 
1s > 5000 [b] > 5  25 
16 378 3.5 2s 
17 177 3.1 25 
18 221 3 2  25 


[a] Determined by 'H NMR spectroscopy employing the continuous variation 
method. [b] A value of 21 OOOM-'  was obtained by 'H NMR spectroscopic single- 
point determination in CD,CN at 298 K for the complexation of a guest analogous 
to 15 but incorporating p-r-butylphenoxy groups in place of the hydroxy groups. 


OnOnOH 


+ 


OuO-OH 


7 


4PFs 


OuOuOH 


13 14 15 16 17 18 


0 0 0 0  0 0 
0 0 - - - 


F 0 b 0 0 0 0 


Figure 5 .  Complexation of the n-electron-rich acyclic polyethers 7 and 13-18 by 
the tetracationic cyclophane 1 .4PF6 


Table 3. Association constants for the 1 : 1 complexes formed between the bis(hexa- 
fluorophosphate) salt 19.2PF6 and the macrocyclic polyethers 20-26 in MeCN at 
298 K .  


Macrocyclic K. [a] (M-') -AGO (kcalmol-') Ref 
polyether 


20 
21 
22 
23 
24 
2s 
26 


240 [b] 


0 
1190 
412 


970 


[CI 


[CI 


3.2 


0 
4.2 
3.6 


4.1 


- 


- 


31 
27 
27 
25 
25 
25 
25 


[a] Determined by UV/Vis spectroscopy employing the titration method. 
[b] Determined by 'H NMR spectroscopy in CD,CN at 300 K. An association 
constant of 7 3 0 ~ - '  was measured in Me,CO at 298 K by UV/Vis spectroscopy. 
[c] The K, value was not determined because of the low solubility of the macrocyclic 
polyether in MeCN. 


MeCN - - 
298 K 


I 
Me ZPF, 


- 


20 21 22 23 24 25 26 


0 0 
0 0 - - - 


F 0 
0 0 0 0 0 


corresponding complex by approximately two orders of magni- 
tude. This "damping" effect upon the K, value is a result of 
a) the electron-withdrawing effect of the fluorine atoms on the 
aromatic ring, as well as of b) stereoelectronic effects that force 
the guest 13 into a conformation unfavorable for its complexa- 
tion by the tetracationic cyclophane 1.4PF6. Further introduc- 
tion of two more fluorine atoms in 14 resultsr271 in no complex 
formation at all. These observations suggest that the x-n stack- 
ing interactions between the complementary aromatic units of 
the host and the guest are affected dramatically by the 
stereoelectronic nature of the substituents associated with the 
aromatic ring of the guest. By employing the 1,s-dioxynaph- 
thalene-based acyclic polyether 15, which possesses a larger n 
surface, a stronger complex (K,> ~ O O O M - ' )  is By 
contrast, when the I$-, the 2,6-, and the 2,7-dioxynaphthalene- 
based guests are employed,[251 the K, values are significantly 
lower (K, < 378 M -  '). Presumably, varying the substitution pat- 
tern alters the charge distribution on the dioxynaphthalene 
ring system, thus affecting the n-x stacking interactions be- 
tween the complementary aromatic unit of the host and the 
guest and sterically disfavoring the [CH . . '01 interactions 
between the polyether oxygen atoms and the bipyridinium 
protons. 


Similar effects have been observed for the binding of the 
paraquat bis(hexafluoroph0sphate) salt 19.2 PF, by a series of 
macrocyclic polyethers (Table 3 and Figure 6). The n-electron- 
rich macrocyclic polyether 20 binds 19.2 PF, with pseudorotax- 
ane-like geometries both in solution and in the solid state[lgl 


Figure 6. Complexation of the bis(hexdfluorophosphate) salt 19.2PF6 by the x- 
electron-rich macrocyclic polyethers 20-26. 


(K,  = 2 4 0 ~ -  in MeCN at 25 "C). Decreasing the electron den- 
sities of the two aromatic units incorporated within the macro- 
cyclic polyether by introducing four fluorine atoms as sub- 
stituents on each ring results in a reduction in the strength of the 
molecular recognition. Indeed, no complex formation was de- 
tected at all between 22 and 19.2PF6, either by 'HNMR or by 
absorption UV/Vis ~ p e c t r o s c o p i e s . ~ ~ ~ ~  By contrast, when the 
macrocyclic polyether 23, incorporating 1,s-dioxynaphthalene 
ring systems, was employed as the host, a K, value approximate- 
ly one order of magnitude higher was obtained (K, = 1 1 9 0 ~ - '  
in MeCN at 25 "C)  .r251 However, once more, varying the substi- 
tution pattern on the dioxynaphthalene units results in a de- 
crease in the K, values to 472 and 970 M -  ' (MeCN at 25 "C) for 
24 and 26, respectively.[251 


[2]Catenanes and [2]Rotaxanes: The [2]catenanes 34.4PF6- 
43.4PF6 can be se l f -a~sernbled[~~,~ '*  37a, 381 according to the 
synthetic route depicted in Figure 7. Reaction of the bis(hexa- 
fluorophosphate) salt 44.2 PF, with 1,4-bis(bromomethyl)- 
benzene 45 gives a tricationic intermediate which is bound by 
the preformed macrocyclic polyether-that is, the three compo- 
nents 44.2 PF,, 45, and the macrocyclic polyether self-assemble 
into an intermediate supramolecular complex. This intermedi- 
ate complex is perfectly set up to undergo a second ring-closing 
reaction to afford the corresponding [2]catenane, that is, the 
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Figure 7. Kinetically controlled self-assembly of [2]catenanes (top) and of [2]rotaxanes incorporating complementary n-electron-rich and n-electron- 
deficient components. 


self-assembled supramolecular inter- 
mediate is converted irreversibly into 
the final molecular compound as a re- [2]~atenane Yield [a] (%) Process I Process I1 Ref. 
sult of the kinetically controlled for- -AG: (kcalmol-’) (K) -AG: (kcalmol-’) T, (K) 


mation of a “mechanical bond”. This 


Table 4. Yields of catenations and free energy barriers for the dynamic processes associated with the [2]catenanes 
27’4pF6C33’4pF6. 


70 Ibl 15.6 [el 3 54 12.2 If] 247 37a 27.4pF6 
overall kinetically controlled self-as- 2&4PF6 3 [bl 12.4 [f] 279 11.6 [fl 240 27 


27 
30.4PF6 51 [cl 17.2 [el 361 12.7 [el 257 25 


35 [CI 13.5 [el 278 9.8 [el 208 25 


anes.f3’1 Thus, reaction of the bis- 33’4PF6 0 [dl 13.9 [f] 302 8.9 [f] in2 25 


(hexafluorophosphate) salt 44.2PF6 
with the bulky tetraarylmethane-based 
chloride 46 again gives a tricationic in- 
termediate that is immediately recog- 
nized and bound by the macrocyclic 
polyether. The self-assembled supra- 
molecular complex is then converted 
into a kinetically stable molecular structure-specifically, a macrocyclic polyether 20 incorporating two 1,4-dioxybenzene 
[2]rotaxane-after the irreversible formation of a second cova- rings is employed, the corresponding [2]catenane 27.4 PF, is 
lent bond. obtained in a yield as high as 70%.[371 This result is consistent 


The yields of the catenations after counterion exchange range a) with the ability of this same macrocycle 20 to bind the bipyri- 
from 3 to 89% (Tables 4 and 5 ) .  This range is a semiquantitative dinium-based guest 19.2PF6 (Table 3) and b) with the high as- 
measure of the efficiency of the molecular recognition event. sociation constant measured (Table 2) for the complexation of 
Thus, for example, when the macrocyclic polyether 22 incorpo- the 1,4-dioxybenzene-based guest 8 by the tetracationic cy- 
rating 1,4-dioxytetrafluorobenzene rings is employed, no cate- clophane 1 .4PF6. 
nane is detected.[”] This result is consistent with the observa- The dynamic processes illustrated in Figure 8 characterize the 
tions that a) the same macrocycle 22 does not bind the [2]catenanes in solution. Process I involves the circumrotation 
bipyridinium-based guest 19.2PF6 (Table 3) ,  and b) the tetra- of the macrocyclic polyether through the cavity of tetracationic 
cationic cyclophane 1 .4PF, does not bind the 1,4-dioxytetra- cylophane component: it exchanges the “inside” and 
fluorobenzene-based guest 14 (Table 2). By contrast, when the “alongside” aromatic units incorporated within the n-electron- 


- sembly process can be extended to the 29.4pF6 0 


locked compounds-namely, rotax- 32.4 PF, 0 [dl 14.4 [el 305 11.4 [el 226 25 


synthesis of other mechanically inter- 31 .4pF, 


[a] Yield of the [2]catenane after column chromatography and counterion exchange. [b] Reaction performed 
employing an excess (2.5 equiv) of the macrocyclic polyether with respect to the bis(hexafluorophosphate) salt 
44.2PF6 in MeCN for 27.4PF6 and in DMF for 28.4PF6 at ambient temperature and pressure. [c] Reaction 
performed employing an excess (6.0 equiv) of the bis(hexafluorophosphate) salt 44.2PF6 with respect to the 
macrocyclic polyether in DMF at ambient temperature and pressure. [d] No catenated products were obtained at 
ambient pressure and so ultrahigh pressure (12 kbar) was employed to obtain the [2]catenane. [el In CD,CN. [f] In 
CDJOCD,. 
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I;ible 5 .  Yields orcalcnation reactions and ratios between the translational isoinei-s 
.i<wci;ited with the [7]cateiianes 34.4Pl*,, 43.4PF, 


L31C'atrnanu Yield [a] ("4)  A : R  [h] K,, [c] - AG: (kcalmol I) Kef. 


34 4 I+(, 57 [d] > 9 5 : < 5  :,it) > l . l  27 
35,41'F,, 60 [d] 2 100:o 27 
36,41'F,, 50 [el 65:35 [f] 1.9 0.4 3x 


37-4PI.', 82 =1no:o 25 
38-4Pl:, 89 == 100 0 25 
39-41'Fb 14 :100:0 25 
40 4 PF<, 74 : 100:o 25 
41 4PF,, 15 =100:0 25 
42 4PF,, 84 2 1 0 O : O  25 
43,4PF, 25 :100:O 25 


~ 


35:65[g] 0.5 -0.4 
~ 


~ 


~ 


~ 


~ 


[ A ]  Yield of the [2]catenanc after column chromatography and couiitci-ioii ex- 
change. The rcactions were performed employing an excess (2.0 molar equivnlenty) 
of  the bis(hexafluoroph0sphate) salt 44 2 P t ,  with respect to the macrocyclic 
polycther 111 D;VF at amhicnt tcmperatiii-e and pressure. [bl Ratio of traiislatioiial 
isomer A to  translatioiinl isomer B (Figure 6) hoth a h o w  (CD,CN) aiid below 
(CD,COCD,) room temperature. [c] K,, = [A]![H]. [d] Reaction performed e n -  
ploying a n  ~ X C C S S  (2.5 equiv) of the macrocyclic polyether with respect to the 
hi~(li~.xaHuorophosphate) salt 44.7Pt',, in DMF for 34.4PF6 and in MeC" for 
35 4PF,, at ainhienl tcinperature and presaure. [el Keactioii performed employing 
;in cxccss [ 1 ,  I equiv) of them;icrocyclic polyether with respect to the bis(11exafluoro- 
phosp1i;rte) salt 44 2Pl-,, in  MeCN at ambient temperature aiid pressure [f] In 
CI>+<'OCD\ :it 243 K. [g] I n  CDJOCD, 81 243 K 


rich inacrocyclic component. Pro- 
cess 11 involvcs the circumrota- 
tion of the tetracationic cy- 
clophane through the cavity of the 
macrocyclic polyethcr compo- 
nent: it exchanges the "insidc" 
and "alongside" bipyridinium 
units. 111 the casc of the [2]cate- 
nanes 27.4 PF, -33.4 PF, , which 
incorporatc symmetrical macro- 
cyclic polyether components, thc 
free energy barriers associated 
with thc dynamic processes have 
been determined by variable tem- 
pcrature 'H NMR spectroscopy 
(Table 4).1253 2 7 , 3 7 a 1  Interestingly, 
significant differences in the val- 
ues of the coalesccnce tenipera- 
tures and of the corresponding 
h e  cncrgy barriers were ob- 
served, suggesting that varying 
the nature and the substitution 
pattern of one and/or both of the 
dioxyarene units incorporated 
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bigure 8. Dynamic processes associated with the [2]catenanes In solution 
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Figure 9. Translational isomers A and B associated with the [2]catenane\ 27-4 PF,43 '4PF, ,  


within the inacrocyclic polyether components affects signifi- 
cantly thc dynamic propcrties of the [2]catcnanes in solution. 


In thc case of the [2]catenanes 34.4PF6-43.4PF, incorporat- 
ing unsymmetrical macrocyclic pol yether components, the two 
translational isomers A and B (Figure 9) are different. In solu- 
tion, the ratios hetween the translational isomcrs A and B 
(Table 5 )  iange from 1OO:O to 35:65 ,  while, in the solid state, 
only one of the expected two translational isomers has been 
observed in all cases where single-crystal X-ray analyses have 
bceii performed.[25. 271 Furthermore, the major isomer observed 
in solution is always the one which is present exclusively in the 


solid state, translational isomer A. Interestingly, with the cxccp- 
Lion of the [2]catenanes 36.4PF6 and 43.4PF6, the selectivity 
observed for the translational isomerism can be related back to 
the association constant measured for the binding of the acyclic 
polyethers 7 and 13-18 (Table 2 and Figure 5 )  by the tetraca- 
tionic cyclophane 1.4PF6. As an example. the more abundant 
translational isomer A of thc [2]catenane 34.4PF6 is the one 
bearing the 1,4-dioxybenzene ring "inside" and the 2,Sdifluoro- 
1,4-dioxybenzene unit "alongside" the cavity of the tetracation- 
ic c y c l o p h a r ~ e . [ ~ ~ ~  Thus, it is not surprising that thc K, value 
associated with the binding of the 1,4-dioxybenzene-based guest 
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7 by the tetracationic cyclophane 1 ,4PF,  is approximately 
two orders of magnitude higher than that measured for the 
2,5-difluoro-1,4-dioxybenzene-based guest. Intercstingly, the 
[2]catenane 36.4PF,  shows['s1 solvent dependence of the equi- 
librium ratio between the two translational isomers. By increas- 
ing the dielectric constant of the medium, the inclusion of the 
1,5-dioxynaphthalene ring system inside the cavity of the tetra- 
cationic cyclophane is favored with respect to the inclusion of 
the 1,4-dioxybenzene ring. As a result, the ratio between the 
translational isomers A and B can be inverted by the use of 
CD,SOCD, instead of CD,COCD, . Hence, the [2]catenane 
36.4 PF, can be regarded as a chemically controllable molecular 
switch. In the case of the [2]catenane 43.4PF6, the ratio between 
the translational isomers is 300: 0 in favor of the translational 
isomer A, which incorporates the 2,6-dioxynaphthalene ring 
system inside the cavity of the tetracationic cyclophane compo- 
nent. This result apparently contrasts with the values of the 
association constant measured for the binding of the acyclic 
polyethers 17 and 18 incorporating 2,6- and 2,l-dioxynaph- 
thalene ring systems, respectively, by the tetracationic cy- 
clophane 1 ,4PF6 (Table 2). Presumably, the selectivity ob- 
served for the translational isomerism associated with the 
[2]catenane 43.4PF, is a result of steric effects which govern 
the conformation of the polyether chains in such a way as to 
favor the exclusive location of the 2,6-dioxynaphthalene ring 
system inside the cavity of the tetracationic cyclophane com- 
ponent. 


Reflections: The self-assembly of pseudorotaxanes (precate- 
nanes) and catenanes incorporating bipyridinium-based polyca- 
tionic and dioxyarene-based polyether components relies upon 
u series of'cooperative nonco valent bonding inteructions-name- 
ly, a) n--71 stacking between the x-electron-rich and the n-elec- 
tron-deficient complementary aromatic units, b) [CH . '01 hy- 
drogen bonding between the polyether oxygen atoms and the 
bipyridinium hydrogen atoms, and c) [CH . . n] interactions 
between the dioxyarene hydrogen atoms and the n: surfaces of 
suitably located p-phenylene spacers. 


Furthermore, the noncovalent bonding interactions which drive 
the self-assembly processes are maintained in the final .selfkssem- 
bled structures and superstructures, thus controlling their dy- 
namic processes in solution--namely, the relative motions of the 
interlocked components-as well as their solid-state geometries. 
As a result, the stereoelectronic injbrmation imprinted in tlie,free 
modular components is respcinsihle f i r  a) the efjiciencies of' the 
self-a.ssemb1yproc~~sse.s (reflected in the association constants for 
pseudorotaxane formations and in the yields associated with the 
catenations) and b) the structuralfeatures o f the  final molecular 
assemblies (namely, the selectivities associated with translation- 
al isomerisin observed in [2]catenanes incorporating unsyinmet- 
rical macrocyclic polyether components). 


Subtle chemical modijkution of the stereoelectronic properties 
o f  the simple .separate components, which can be achieved by 
design and synthesis, may clrnmuticullq uffect the strengths of' the 
noncovalent bonding interactions and, as a result, the qffi'ciencies 
ofthe seljlassembly processes and the structural properties iif thc3 
final interlocked molecular coinpounds. I n  particular, the n-n 
stacking interactions can he weakened by reducing the electron 
density on the dioxyarene recognition sites (e.g., by introducing 


fluorine atoms instead of hydrogen atoms) or ~ t r r n g t h ~ n ~ ~ t l  by 
increasing the degree of'x overlup (e.g., by employing the larger 
naphthalene instead of benzene rings). Similarly. the strcngth 
and cooperativity of the [CH . . '01 hydrogen-bondink interac- ' 


tions can be varied by changing the numbcr and dispositions of 
the oxygen atoms along the two polyether chains attached to the 
dioxyarene recognition sites. 


In conclusion ; a) the association cmstiints and the j.ielils usso- 
ciuted with the .self-assembly processes leuding to ( 2  Jpseiitio- 
rotaxanes and (2 Jcatenanes, b) the rutes of'thc di~ntmiic process- 
es in wiving the relative motions o f ' t h ~  mncrocjdic cwnponcwts o f  


(2Jcnt~~ane .s ,  and c) the equilibrium ratios hetn.een the titv 
trnnslutional isomers associated with /2/cutenune.s in corpora ti ti^ 
unsyniriwtricul inacrocyc1ic~pol~I.c.thc.r roniponents can rill hc, jinelj, 
tuned by introducing subtle stereoelec tronic prrtirrhntions into the 


x-electron-rich andlor the n-electrori-tl~~fi(.ieri t purts. Since the 
nature of the mechanical bond is so strong yct so wcak, it can be 
harnessed to remarkable effect in the production of molecular 
switches and  machine^.'^^.^'] 
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Opposite Stereochemical Effects Exerted by CeC1, and TiCl, on the Lewis 
Acid Mediated Reduction of a-Alkyl-P-ketophosphine Oxides with Metallic 
Hydrides: A Highly Stereoselective Protocol for the Synthesis of syn and 
anti a-Alkyl-B-hydroxyphosphine Oxides 


Giuseppe Bartoli,* Marcella BOSCO, Renato Dalpozzo, Enrico Marcantoni and 
Letizia Sambri 


Abstract: A general, highly efficient 
methodology for obtaining both syn and 
antifi-hydroxyphosphine oxides by reduc- 
tion of the corresponding p-ketophos- 
phine oxides is described. The nature of 
the Lewis acid was found to be pivotal in 
determining the outcome of these reac- 
tions. Strongly chelating TiC1, led to the 
anti isomer in high diastereoisomeric 
excess in noncoordinating solvents 
(CH,Cl,) at -78°C with BH,/py as re- 
ducing agent, while nonchelating CeCI, 


gave a high excess of the syn isomer in ity, since it allows the reaction to be per- 
coordinating solvents (THF) at the same formed at low temperatures. Otherwise, 
temperature with LiBH, as reducing higher temperatures (0 "C) are required, 
agent. In the latter case, CeCI, is essential which lower both yields and selectivities. 
in achieving high yields and stereoselectiv- Moreover, each step of the protocol for 


the synthesis of stereodefined disubstitut- 
ed olefins from alkylphosphine oxides 
(Warren's modification of the Horner 


alkenes * asymmetric synthesis procedure) has been optimized, and the 
Keywords 


natural products 
phosphane oxides 


Introduction 


In recent years, much attention has been paid to organocerium 
compounds.['] For example, Luche's reduction of ketones 
(NaBH, in ethanol, at 0°C in the presence of CeC1,.7H20)[21 
is among the most commonly used methods for the chemoselec- 
tive reduction of ketones in the presence of aldehyde groups[31 
or for the almost exclusive 1,2-reduction of a,b-unsaturated car- 
bony1 moieties.[41 


Organocerium compounds are highly efficient reagents for 
the nucleophilic transfer of an alkyl group to electrophilic cen- 
t r e ~ , [ ~ ]  since side reactions (proton abstraction,[6* '1 redox[81 and 
retroaldol processesrg1) are almost completely suppressed. 


In many reactions, reasonably high asymmetric inductions 
have been observed when chiral centres are close to the prochiral 
carbonyl group.[''] When heteroatoms are bound to the p-car- 
~~ ~~ 
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* Lewis acids - optimized procedure has been applied to 
the synthesis of muscalure, the phero- 
mone of the domestic fly. 


bon atom, the stereochemical outcome seems to be consistent 
with a chelation-controlled addition." This interpretation is 
supported by the high coordination number generally shown by 
lanthanides : cerium chloride can accommodate seven water 
molecules in its coordination sphere.['"] 


We employed the above interpretation to account for the high 
stereoselectivity observed in the alkylation of p-ketophosphine 
oxides with RCeCI, .1121 More recently, however, we found that 
a-hydroxyketones were alkylated with low stereoselectivity by 
organocerium reagents," 31 despite the presence of both an a- 
stereocentre and a 8-heteroatom, set up for chelation in a six- 
membered ring as in the fi-ketophosphine oxides. Moreover, 
cerium and lithium or magnesium compounds showed a very 
similar stereochemical outcome. The only advantage of the 
organocerium compounds were the much higher yields (> 98 % 
vs. 65-70% with Grignard or lithium reagents). There are 
many other examples of ambiguous results in the stereochemical 
outcome of organocerium reactions. For example, in the reduc- 
tion of P-ketophosphine oxides under Luche's conditions a ran- 
dom stereoselectivity is observed.['41 


Owing to the richness of the synthetic applications of 
organocerium reagents, we have decided to start a systematic 
study to rationalise the role of the cerium. Our aim is to find a 
way of predicting with certainty the outcome of its reactions. 
For this purpose, we will examine here the reduction, with var- 
ious reducing agents, of fi-ketophosphine oxides with asymmet- 
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ric x-carbons in their racemic form, in the presence of either 
cerium(iri) or titaniurn(1v) chloride. We chosc this reaction for 
thc following reasons: 


1) I t  has been widely studied under Luche's conditions or with 
other reductive systems.[15] 


2) The Lewis acidity of the metal atom can be easily exploited 
to tune this reaction, since this property governs the extent of 
chelation.["] Thus, the most populated conformation of a 
chelated complex should be the half-chair with the R' sub- 
stituent in the pseudo-axial position to minimise the steric 
strain with R 2  (Scheme 1, conformation A ) .  The incoming 
hydride will attack from the less hindered side opposite to R' 
leading to the unti product. On the other hand, with 
nonchelating metals, the Felkin- Anh model predicts that 
the . q n  diastereoiner will predominate when the diphenyl- 
phosphinoyl substitueiit is the largest group (Scheme I ,  con- 
formation C). Obviously, with increasing size of R' or par- 
ticular shapes of R 2 ,  other conformations may be preferred 
(see below). 


3) The highly stcrcoselective syntheses of syn and anti /I-hy- 
droxyphosphinc oxides would open up the way to stereo- 
selective Horner olefinations. According to the Warren mod- 
ification,"'] the N~HI 'DMF stereospecific elimination from 
the s,iw and anti derivatives leads to the ( E )  and ( Z )  alkenes, 
respectively. Recently, the Horner approach has received in- 
creasing attention, since it offers clear advantages over the 
classical Wittig and Wadsworth ~ Emmons procedures.['73 
However, general methods for the preparation of either syn 
or unti /{-hydroxyphosphine oxides with high stereoselectivi- 
t y  are not yet available. 


Results and Discussion 


A series of a-alkyl-[j-ketophosphine oxides I were synthesised 
with varying bulkiness of R '  and R' groups. Thcsc compounds 
werc reduced with hydrides or the boranelpyridine complex 
(BH,,py) in thc presence of titanium tetrachloride or cerium 


1 
Mn-c 


Ph 
B 


'1 


Mn-C.., 
0 R1 


C H-  


Ph2PO 
anti- 2 


RIJ R2 


Ph2PO 


syn-2 


l i  


R1 P-poph2 D 


Scheine I .  Expcclcd skreochemical coiitrol in tlie reduction ofr-ulkyl-~-ketoplios- 
phine oxides with hydridcs ( H - )  in the presence of chelating (M,) or nonchclating 
(Mn.J Lewis acids. 


trichloride as the Lewis acid. We will first discuss the reaction 
with TiCI, since the ability of titanium salts to give chelation 
complexes is well documented.['"' 


Reduction in the presence of TIC],: In a preliminary communicu- 
tion,'"] we found that the reduction of 1 in dichloromethanc at  
low temperature with a 2 M  THF solution of LiBH, (1 equiv) in 
the presence of TiC1, (1.2 equiv) led to the prevalent formation 
of mzri /j-hydroxyphosphine oxides (anti-2). This is clearly due 
to chelation by the metal atom, which creates a bridge between 
the oxygen atoms of the C=O and P=O groups. In the resulting 
six-membered cyclic intermediate, the most populated confor- 
mation A is preferentially attacked by the incoming hydride ion 
at  the less hindered side opposite R' (Scheme 1).  A solvent such 
as THF can compete with the substrate in coordinating the 
titanium atom, lowering its chelating effect. On the other hand. 
a very sluggish reaction is obtained with solid LiBH, in 
dichloromethane. Recently, DiMare reported that the BH,/py 
system efficiently reduces ketones in the presence of titanium 


Actually, the P-ketophosphine oxide 1 aa 
(R'  = KZ = Me) is reduced by BHJpy as efficiently as by 
LiBH,/THF, but much more stereoselectively (Table 1).  From a 
practical point of vicw, the LiBHJTHF method requires a sim- 
pler workup. Consequently, when the stereoselectivity is very 
high (e.g. Table 1, entries 6,lO). this method is preferable. 


The most relevant finding from data reported in Table 1 is 
that BHJpy reductions always ensure a high stereoselectivity, 
regardless of the size of the R' and R2 substituents. In a chela- 
tion-controlled reaction (Scheme 2),  the minimum level of 


1942 ___ I '  WILEY-VCH Verlag GmbII. D-69451 Wciiiheim. 1997 0947-6539:97:0112-1942 $ 17.50+.50,'0 c'/im?. Eur. J.  1997. 3. E o  12 







Lewis Acid Mediated Reduction 1941 -1950 


Table I .  Stereoselective reduction of [t-ketophosphine oxides 1 to P-hydroxyphos- 
phine oxides 2 in the presence of TiCI, at -78 'C. 


Entry 1 R '  R 2  Reducing 2 rmri; Yield 
agent . \ J ~ I  [a] (X) [b] 


1 l a a  
2 laa  
3 l a b  
4 lab  
5 l a c  
6 Icd 
7 Idc 
8 Ide 
9 Ide 


10 Idf 
11 Iga 
12 Iga 
13 Igb 
14 l g i  
I 5  lgh  
16 l i e  
17 l ih 
18 Ijk 


Mc 
M e  
M e  
Me 
Mc 
c-C,H 1 1 


Pr 
Pr 
Pr 
Pr 
CH,Ph 
CH,Ph 
CH,Ph 
CH,Ph 
CH,Ph 
C 4 , I  
C 3 1 ,  
C"H,, 


Me 
Me 
Ph 
Ph 
c-C,H, I 


Pr 


Bu 
Bu 
-=-Ph 
MC 
Mc 
Ph 
-=-Ph 
iPr 
Bu 
rPr 


(-C,H,,  


C,,H,, 


LiBH, T H F  [c] 2aa 


LiBH, T H F  2ah [el 
BHJPY 2 ah 
LiBH,/THF 2ac [el 
LiBHJTHF 2cd [el 
BH,'PY 2dc 
LIBH, T H F  2de [el 
BH, PY 2 de 
LiBH, THF 2df [el 
LiBH, THF 2ga [el 


LiBH,/THF 2gh [el 
LiRH,'THF 2gf [el 
LiBH,/THF 2gh [el 
BH, PY 2 ie 
BH,IPY 2ih 


B H ~ P Y  [dl 2aa 


BH,/PY 2 ga 


BH, PY 2Jk 


75/25 
Yn/io 
90110 


98,/2 
97/3 
9218 
87 ' I  3 
9218 
9Ri2 
75;25 
97j3 
981'2 
9614 
9416 


> 99/l 
>99/l  


92:x 


>99/1 


> 98 
> 98 


98 
> 98 


97 
95 


> 98 
95 


> 98 
90 
96 


> 98 
95 
92 
92 


> 98 
> 98 
> 98 


~ ~~ ~ 


[ii] Determinated by ' H N M R  spectroscopy. [h] Calculatcd on the inixture or 
diastcrcomcrs. [c] By addinga 2~ solution of LiBH, in T H F  to the CH,CI, wlution 
of IjTiCl, complex at -78 'C.  [d] By adding the BH,py complex to the CH,CI, 
solution of I/TiCI, complex at -78 'C.  [el See ref. [20]. 


H- 


Ph H- 


A 
H- 


B 


anti-2 syn-2 


Scheme 2. Chelation control in the TiC1,mediatcd reduction of' a-alkyl-P-ke- 
tophoqhine oxides. 


stereoselectivity should be observed when R1 and R2 are 
methyl, since this is the sterically least demanding alkyl group. 
An antilsyn ratio of 9OjlO is obtained in this unfavourable case 
under our experimental conditions. With more bulky R' and R2 
groups, the conformational equilibrium will shift towards con- 
formation A and the anti/syn ratio will thus increase. 


The method described above is the first general protocol for 
the stereoselective preparation of 8-hydroxyphosphine oxides, 
which are intermediates for the synthesis of stereodefined 
olefins. The method based on the addition of lithium salts of 
alkylphosphine oxides to aldehydes fails when R1 is as large as 
the Ph,PO group (i.e. with a-branched alkyl groups).[I7l More- 
over, this reaction always gives lower stereoselectivities than our 
procedure. The alternative method based on the Luche's reduc- 
tion of a-alkyl-p-ketophosphine oxides only gives good 
stereoselection when a secondary alkyl substituent is present in 
the a-position. In fact, straight-chain alkyl groups reverse the 
selectivity." '1 


Reduction in the presence of CeCI,: We first tested the reduction 
of 1 aa in the presence of CeCI, with the reducing system BH,/ 


py/CH,CI,, which was highly efficient with TiCI,. Unfortu- 
nately, no reaction was observed, and at  -78 'C the starting 
material was quantitatively recovered after 2 h (Table 2, en- 
try 1 ) .  Prolonged reaction times and higher reaction tempera- 
tures were also ineffective. A complex between cerium(ii1) chlo- 
ride and p-ketophosphine oxide was formcd, since the addition 
of the substrate to a suspension of the cerous salt rcsulted in ;I 


clear solution after about 1 h. Unfortunately, the paramag- 
netism of cerous salt prevented useful N M R  information on the 
structure of this complex from being obtained.["] 


Tdble 2. Stereoselectivc reduction of /j-ketophosphine oxides I t o  /i-h>droxypho+ 
phine oxides 2 with LiBH, in the presence of CeCI, in  T H F  at -78 C [;I]. iiiilcss 
specified otherwise. 


Fntry I R '  R '  2 \ in  m / i  [h] Yield ( "<> )  [L] 


1 l a d  Me Me 2aa [d] n r 11 r 
2 laa  Me Me Zaale] 7525 >98 
7 l a a  Me Me 2 aa 91 9 >98 
4 lab  Me Ph 2 ah 98 2 >9x 
5 lac  Me (-C,H,, 2ac 97 3 >%i 
6 Icd PC,H,, Pr 2 cd 10 80 80 
7 Idc Pi r-C,H,, 2dc >99 1 >98 
8 Idc Pr Bu 2de [el 87/11 >98 
9 Ide  Pr B U  2 de 9 6 4  >98  


10 Idf Pr -=-Ph 2df 50 50 '15 
11 Iga CH2Ph Me 2ga [el 86 I4 \ O X  


98 2 '14 13 Igh CH,Ph Ph 
14 Igc CH,Ph ---PI1 2ge 
15 Igh CH,Ph /Pr 2 gh 95 5 >98 
I 6  l i e  CsH,, Bu 2 ic >99 1 >98 
17 Iih C,H,,  iPr 2ih >YY I >08 
I X  I jk  C,H, C,,H,- 2jk 90 i n  >L)X 


12 l g a  CH,Ph Me 2 ga 96 4 >9x 


2gh 5 5 4 5  Y 5  


[a] By adding a 2~ solution 01' LiBH, in T H F  to the T H F  solution o l  I CeCI, 
complex ;it -78 C. [b] Determined by ' H N M R  spectroacopy. [c] t'alcul;ited o i i  


the miaturc ~Tdiastereomers. [d] By adding the BH3 'py  complex to the CH,CI, 
solution of ICeCI, complex at -78 'C. [c] By adding a 2v soltition 01' LiBH, in 
T H F  to the CII,CII solution of I.'CeCI, complcx :it -7X C 


The reduction of the /I-ketophosphinc oxide proceeded SLK- 


cessfully when a 2 M  THF solution of lithium borohydride was 
employed under the same experimental conditions as  those used 
with titanium tetrachloride. The reaction was rapid and gave thc 
expected p-hydroxyphosphine oxide in almost qiiantitative 
yield, but with reversed selectivity with respect to the TiCI, 
reaction (75/25 synlanti ratio; Table 2, entry 2). With increasing 
length of the straight-chain alkyl groups R' and R', the sjwlcirit i  


ratio increases (entries 9, 16). These findings strongly support 
an open-chain mechanism. and the Felkin- Anh model explains 
the stereochemical outcome of the reaction (Scheme 3). The 


C 
H- 


D 


syn-2 anlr-2 


Scheme 3. Nonchclation control in the CeC1,-mediated reduction o f  a-alkyl-/l-ke- 
tophohphine. 
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sterically demanding alkyl chains favour Conformation C over 
D, ieading to higher syn/anti ratios. The same steric effects fa- 
vour conformation A over B in the chelation-controlled mecha- 
nism and thus the anti isomer (Scheme 2). Also, with the mech- 
anism shown in Scheme 3, the use of coordinating solvents 
should give better results: in T H F  the .yn/anti  ratio rises to 91/9 
(Table 2, entry 3). Therefore T H F  is the best solvent to ensure 
almost quantitative yields and high diastereoselectivities. The 
equilibrium between conformations C and D is completely shift- 
ed to the left when the steric demand of R' is lower than that of 
the Ph2P0 group (R' = linear alkyl chain). Obviously, bulky 
R 2  moieties have the same positive effect on the conformational 
equilibrium. However, in the present case this effect is not evi- 
dent, since a high diastereoselectivity is even observed when R' 
and R2 are both methyl groups. 


When R' is an x-branched alkyl group such as cyclohexyl, the 
m t i  isomer prevails (Table 2, entry 6); this demonstrates that 
the steric demand of this group is higher than that of the 
diphcnylphosphinoyl moiety. In the Felkin model, the larger 
group is cyclohcxyl and E is the most populated conformation 
(Scheme 4).  Moreover, the steric effect prevails over the Cou- 


1 cd 


C 


I H- 


syn-2 cd 


Schcme 4. 


E 


anti-2 cd 


lombic repulsion between the electronegative Ph,PO and the 
incoming hydride in conformation E.[231 It should be noted that 
conformation E of the Felkin model corresponds to the most 
stable chelate conformer A (Scheme 2) as far as the molecular 
arrangement around the (2.- C,=, bond is concerned. 


Finally, the cylindrical symmetry of alkynyl groups in R2 
position reduces the unfavourable steric interactions between 
the two substituents R' and R2 in conformation D (Scheme 5 ) .  


,CeCls 


Ph 
D 


! H' 


bh 
C 


I H- 


syn-2 df anti-2 df 


Scheme 5 


The hypothesis of "nonperpendicular attack" (owing to the 
destabilising interactions arising from the out-of-phase overlap 
with the oxygen atom and from the four-electron interaction 
with the HOMO of the Substrdte, the nucleophilc approaches 
the carbonyl a t  an angle of 109" rather than 90') predicts that 
attack will be preferred at conformation C for steric rea- 


b1 However, the electronic effects that open up the ap- 
proach angle to 109" with respect to the carbonyl group, also 
apply to the same extent to the triple bond. These effects cancel 
out, and perpendicular attack occurs, accounting for the poor 
efficiency of the diastereomeric induction (Table 2, en- 
tries 10,14). 


If the cerium atom is not able to chelate, is its presence essen- 
tial for high yields and stereoselectivities? In  Table 3. the com- 
parison between the reaction of phosphine oxide l a a  with 
LiBH, in  the presence and in the absence of cerium trichloride 
is reported. The reaction with LiBH, alone was slower (2 h vs. 
10 min in T H F  at -78 'C) and the yields were lower with re- 
spect to the same reaction carried out with CeCI,, but the stc- 
reochemical outcome was exactly the same. 


Table 3. Stereoselective reduction of a selection of /<-ketophosphine oxides 1 to 
/i-hydroxyphosphine oxides 2 with LiBH,, in the presence and in the absence oC 
CeCI,. i n  T H F  a t  various temperatures. 


Entry I T (  C) 2 Lewis Yield 5J.n imi 
acid ( Y o  ) [a] [bl 


1 l a a  -78 
2 l a a  -78 
3 Ide -78 
4 Ide -78 


0 5 Ide 
6 Ide 0 
7 Icd -7X 
8 Icd - 7 8  
9 led 0 


10 Icd n 


2 aa 
Z a a  
2dc 
2 de 
2de 
2 de 
2 cd 
2 cd 
2 cd 
2 cd 


~ 


CcCl [c] 
none [d] 
CCCI, [c] 
none 
CcCl [c] 
none [d] 
CeCI, [c] 
none [d] 
CeCI, [c] 
none [d] 


> 98 
x5 [el 


> Y X  
n.r. [e.f] 
> 0 8  


80 
n.r [e,h] 
> 98 
n.r. [e.~] 


60 [e44 


91 9 


96 4 
n r  
X7 13 
87 1 3  
20 80 
n r  
50 50 
n r  


90 i n  


[a] Calculalcd on the mixture ofdiastereomers [b] Dctcrmined hy ' H  N M R  spec- 
troscopy. [c] By adding a 2 M  solution of LiBH, in T H F  to the T H F  solution of 
l;CeCI, complex. Id] By adding a 2u solution of LIBH, in THF LO the T H F  
solution of1  [r] Formation of insoluble polymeric products WBS ohserved. [f] X8 % 
of starting mateiial recovered. [g] Together with 10% starting material. [h] 92Ok of 
starting matcrial recovered. [i] 70 5'0 of starting matcrial recovered. 


When the alkyl chains R' and R2  were longer than methyl, as 
in 1 de, no reaction occurred at  - 78 "C in the absence of CeC1, 
(Table 3, entry 4). Reduction with short reaction times could be 
obtained a t  0 "C, but to the detriment of the diastereoisomeric 
ratio (Table 3, entry 6). Moreover, the yields were lower since 
an insoluble polymer was formed. At 0°C in the presence of 
CeCI,. high yields were obtained but the same low stereoselec- 
tivity was observed (Table 3, entry 5 ) .  For the reaction of phos- 
phine oxide 1 cd, lower stereoselection was observed at 0 ' C than 
at -78°C. At the lower temperature, a prevalence of the [inti 
isomer was observed, a s  seen above, while a t  0 "C a ,vjn/awi ratio 
of 131 was obtained. These reactions do not proceed without 
CeC1,. 


In conclusion, the presence of the cerous salt is essential to 
obtain both high yields and high stereochemical efficiency, since 
the reaction can then be carried out a t  lower temperatures. Ac- 
cording to the Boltzmann's law, the population of the more 
stable conformer increases as temperatures decrease 
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The reduction of /+ketophosphine oxides has been widely 
studied under the Luche's conditions or with sodium borohy- 
dride in ethanol.['" As expected under the latter conditions, the 
reduction affords the syn isomer in a mechanism that is not 
chelation-controlled ; however, the stereoselectivity is much 
lower than that reported in this paper, owing to the much higher 
temperature employed. Under the Luche's conditions (CeCI,/ 
NaBH,/ethanol), the presence of ccrium shifts the stercoselec- 
tivity towards the unti diastereomer, but the trend with varying 
bulkiness of the R'  groups is similar to that observed under our 
conditions. Thus, the syn isomer prevails with unbranched R' 
alkyl group and the unti isomer with branched R' (e.g. the 
reduction of 1 ab and 1 cd led to synlanti ratios of 70/30 and 4/96, 
respectively,['4c. vs. 98/2 and 20/80 observed in the present 
work). In our opinion, in contrast to  the interpretation of the 
authors, the reaction under the Luche's conditions also proceeds 
through a nonchelation-controlled mechanism. The higher pro- 
portion of unti isomer in the case of 1 ah can be easily accounted 
for, since the synlunti ratio can be influenced by the tempera- 
ture, the polarity of the solvent and the size of the Lewis acid.[241 
It is improbable that the reaction proceeds with a 
different mechanism in a very polar and coordinating 0 


I 
solvent such as ethanol. Pd, 


CI 
I 


'RCeC12' 


c1 
I 


C' C D 


Scheinc 6 


I 
RI 


1 THF,-30aC I It should be noted that the addition of organoceri- RI R1 
um compounds to 8-ketophosphine oxides follows 3 


4 1 


t nJoi 
the opposite stereochemical course to the present one. 
We previously attributed these results to a chelation- 


mechanism,[ I z j  ~h~ reluctance of the ceri- Scheme 7. Synthesis of r-alkyl-P-ketophospl~ine oxides. 


um atom to give a chelated, six-membered transition 
state, demonstrated by the present work, casts doubt on this 
interpretation. Based on an open-chain mechanism or simple 
Lewis acid catalysis, a convincing explanation for the experi- 
mental results can be given. Assuming a coordination of the 
cerium to the oxygen atom of the carbonyl moiety, the alkyl 
group bound to the cerium atom must attack the carbonyl atom 
from the Ph,PO side to minimise the steric repulsions with the 
R'  group, that is, conformation C should prevail over C' 
(Scheme 6). Alternatively, the alkyl transfer should occur in the 
less populated conformation D in which the small hydrogen 
atom is closest to the incoming alkyl group. In both cases, the 
product with syn relationship between the incoming alkyl group 
R and the Ph2P0 group is obtained (Scheme 6). 


Synthesis of a-alkyl-fi-ketophosphine oxides: There are various 
methods to prepare 3-alkyl-P-ketophosphine oxides. Direct 
alkylation of the monoanion of unsubstituted 8-ketophosphine 
oxides with alkyl iodides suffers from the drawbacks that the 
reaction only proceeds smoothly with short alkyl chains 
(R'  = Mc, Et) or highly reactive derivatives (e.g. benzyl bro- 
mides), and that 0-alkylation can compete.["' 


It is more convenient to prepare these compounds from the 
reaction of lithium derivatives of alkyldiphenylphosphine ox- 
ides 3 with the appropriate ester 5 (Scheme 7). However, in the 
previously reported procedure,[2h1 2 equiv of 4, produced by the 
metallation of 3 with a slight excess of BuLi (1.2 equiv), are 
required for 1 equiv of ester 5 ,  because 1 equiv of 4 is consumed 
in the irreversible abstraction of the very acidic a proton of the 
a-alkyl-/I-ketophosphine oxide 1. Under these conditions, the 
nucleophilic BuLi cannot be used in large excess, since i t  can add 


to the ester 5. The fast enolization of ketone 1 prevents it from 
undergoing a further nucleophilic addition of 4, but serious 
difficulties arise in the separation of 1 and 3. 


We modified this methodology[201 by simply metallating 3 
with 2.5 equiv of a strong nonnucleophilic base, such as lithium 
tetramethylpiperidide (LiTMP). Its presence does not interferc 
with the ester and 1 can be deprotonated or 3 re-metallated by 
the excess of LiTMP, so that a-alkyl-B-ketophosphine oxides 1 
are obtained in high yields based on 3 (Scheme 7). This proce- 
dure has proved to be very efficient in preparing a large variety 
of a-alkyl-P-ketophosphine oxides (Table 4), but completcly 
Fails when R' is a branched alkyl substituent. 


Table 4. Synthesis of /i-ketophosphine oxides 1 froin the reaction o f  thc an ion5 
derivcd from alkylphosphine oxides 3 with esters 5 i n  THF 211 - 78 c'. 


Entry 3 R '  5 R2 Product Yield ( Y o )  [a] 


1 3 a  
2 3a 
3 3a 
4 3c 
5 3d 
6 3d 
7 3d 
8 3g 
9 3g 


10 3g 
11 3g 
12 3i 
13 3i 
14 3j 


S a  
5 h  
5c  
Sd 
s c  
S e  
S f  
S a  
S b  
5f 
Sh 
5e 
Sh 
5k 


I aa 
1 ah 
1 ac 
1 cd 
1 dc 
1 de 
I dl  
I ga 
I gh 
1 gf 
1 gh 
I ic 
1 ih 
Ijk 


[a] Yiclds of cryytal lkcd product froin diethyl ether. [h] See ref [X. [cl 8 5 %  I)[ 
starling matcrial recovered. 
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Synthesis of stereodefined disubstituted alkenes: x-Alkyl-B-hy- 
droxyphosphinc oxides are key intermediates in the synthesis of 
stereodefined substituted olefins, since they can undergo facile 
stereospecific elimination of diphenylphosphinoate anion in ba- 
sic media. 


The procedure proposed by Warrcn (KH in DMF)'271 for the 
synthesis of disubstituted alkenes is very efficient in most cases, 
except when the substituent at the x position is a phcnyl["] or 
a benzyl group.[2o1 So we focused our attention on the synthesis 
of niuscalure ((Z)-6),'2R1 the pheromone of the domestic fly, 
from anri-2jk and of its ( E )  isomer from syn-2jk. For this pur- 
pose, the reaction mixtures obtained from reduction of l jk with 
TiCI,/BH,/py and CeCl,/LiBH,. respectively (Tables 1 and 2, 
entries 18), were submitted, without purification, to elimination 
according to Warren's procedure. Muscalurc was obtained in 
9 5 %  yield and with 93: 7 diastercomeric purity; the correspond- 
ing values for (E) -6  were 98% and 92:8 (Scheme 8). 


2-6 (muscalure) 


.. ., 
E-6 


Scheme 8. Syntheai, o f  inuscalure and its ( E )  isoiiiei-. 


We also examined the syntheses of ( E ) -  and (Z)-1 -cyclohexyl- 
1-pentene, sincc different strategies can be adopted here 
(Scheme 9 ) .  The (Z) isomer can be obtained both from nnli-2cd 


unti-2cd 7 


2-7 anti-2de 


E-7 
Scheme 9. Synthesis of (2)- and (E)-1 -cyclohexyl-I -pentenc. 


or rmti-2dc (Table 1, entries 6 ,7 )  in high yields and high geomet- 
rical purity. However, the route from compound 2dc is prefer- 
able, since its precursor 1 dc is much more readily available than 
1 cd. The ( E )  isomer can be prepared only from syn-Zdc, because 
the synthesis of .syn-2cd is not stercoselective and the separation 
from its isomer is very difficult. 


Conclusion 


A general, highly efficient multistep methodology has been de- 
scribed for obtaining both syn and anti b-hydroxyphosphine 
oxides, which are key intermediates for the synthesis of 
stereodefined olefins according to the Warren modification of 
the Horner procedure. The nature of the Lewis acid was found 


to be pivotal in determining the outcome of these reactions. 
Strongly chelating TiC1, led largely to the anti isomer with BH,; 
py a s  reducing agent, while nonchelating CeCI, gave a high 
excess of the SJVZ isomer with LiBH, as reducing agent, except in 
some particular cases (branched cc-alkyl substituents, alkynyl 
ketones). 


Moreover, a synthesis of /I-ketophosphine oxides has been 
described, which is more efficient than those previously report- 
ed. This combined with the above reductions gives /3-hydrox- 
yphosphine oxides in high yield and purity, from readily avail- 
able and cheap starting materials, in two reaction steps. We wish 
to underline that this methodology might be applicable to many 
analogous systems, and studies in this direction are in progress. 


In this paper, it has been clearly demonstrated that the cerium 
trichloride cannot participate in chelation when a six-membered 
transition state is involved. This does not necessarily apply when 
larger or smaller rings are involved. 


Finally, it should be noted["] that cerous salts have been 
employed under the Luche's conditions. Only one report is 
known in which the anhydrous cerium trichloride is employed 
together with lithium aluminium hydride in THF. This reaction 
should be studied in more detail, since this paper demonstrates 
that it could have wide applications. 


Experimental Section 


NM R spectra were recorded at 300 MHz on a Varian Gemini 300. 'H NMR 
shifts are given in ppm from Me,Si in CDC1,. Coupling constants are given 
i n  H7. Flash chromatography was performed on Merck silica gel (0.040- 
0.063 mni) with Et,O as the eluent. T H F  was dried by refluxing it over 
sodium until the blue colour of  benzophenone ketyl persisted and distilling it 
into a receiver under nitrogen atmosphere. CeCI;7H,O (Aldrich) WAS dried 
according to Imamoto's procedurc.i'b' CH,CI, was filtered on alumina he- 
fore use. Alkyldiphenylphosphine oxides 3 were prepared according to the 
literature Products 3a,c,d are known.ii51 Selectcd spectral data 
of  previously unknown alkyldiphenylphosphinc oxides follow. 


(2-Phenylethy1)diphenylphosphine oxide (3g): 'H  NMR:  6 = 2.50-2.65 (m. 
2H,  PCH,-CH,Ph), 2.80-3.00 (m, 2H,  PCH,CH,Ph). 7.20-7.80 (m. 15H. 
3Ph); "C NMR:  6 = 32.0 (CH,. 'JCP =70), 27.7 (CH,): M.p. 73+1 -C. 
C,,H,,PO (306.3): calcd C 78.42, H 6.25, P 10.11; found C 78.40. H 6.25. P 
10.10. 


Hexyldiphenylphosphine oxide (39 :  ' H N M R :  6 = 0.84 (t. 3H.  C H , ,  
Jl,,=7.1),1.20~1.30(m,4H.CH,),1.30-1.45(ni,2H,CH,).1.50-1.70(m, 
2H,  C H , ) ,  2.20 2.35 (m, 2H. CH,P), 7.40-7.80 (m, 10H. Ph,PO); I3C 
NMR: S = 30.8 (CH,), 30.77 (CH,, lJCP = 38.7), 29.0 (CH,). 22.4 (CH,). 
21.3 (CH,). 14.0 (CH,); M.p. 561- 1 ' C. C,,H,,PO (286.3): calcd C 75.50, H 
8.10, P 10.82: found C 75.40, H 8.10, P 10.85. 


Nonyldiphenylphosphine oxide (3j): ' H N M R :  6 = 0.85 (t. 3H.  C H , .  
JHH =7.1), 1.15-1.35 (in, 10H. 5CH,). 1 . 3 5 ~  1.45 (m. 2H. CH,). 1.55-1.70 
(m. 2 I I ,  CH,), 2.20-2.35 (in. 2H,  CH,P), 7.40-7.90 (m, 10H. Pk,PO): I3C 
NMR:  6 = 31.5 (CH,, 'JCP = 38). 31 0 (CH,), 30.8 (CH,), 30.4 (CH,), 29.5 
(CH,), 29.3 (CH,). 22.6 (CH,, 'JCp = l l ) ,  21.7 (CH,). 14.1 (CH,): M.p. 
5 8 k 1  'C.  C,,H,,PO (328.4): calcd C 76.80, H 8.90, P 9.43: found C 76.90. 
H 8.90. P 9.40. 


General procedure for the synthesis of a-alkyl-b-ketophosphine oxides: BuLi 
(2.5 equiv, solution 1 . 6 ~  in hexaiies) was added to 2.2.6.6-tetramethylpiper- 
idine (2.5 equiv, solution in THF)  at -30°C. After 30 mill 3 (1 equiv. solu- 
tion in THF)  was added. and the mixture turned red immediately. After 1 h 
the mixtui-e was cooled to ~ 75 'C, and thc ester 5 (3 cquiv, solution in THF) 
was added. Two hours later, the reaction was allowed to reach room tempcr- 
aturc and then quenched with dilute HC1(10%) and extracted with Et,O. The 
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organic layer was dried over MgSO,, filtered and evaporated, and the 
product crystalhsed from Et,O. Yields of pure products arc reported in 
Table 4. Compounds 1 aa; 1 ab; 1 ac; 1 cd; 1 dc were recognized by comparison 
with literature data." ', "I Selected spectral data of previously unknown Y- 


alkyl-/l-ketophosphine oxides follow. 


4-DiphenylphosphinoyInonan-5-one (lde): 'H NMR: 6 = 0.78 (t, 3H.  CH,, 
.IHH =7.5), 0.84 (t, 3H. CH,,  JHH =7.5), 1.10-1.45 (in, 6H,  3CH,) ,  1.50- 
1.75 (ni, 1 H,  PCHCH,), 2.05 --2.25 (m, 1 H, PCHCH,), 2.35-2.60 (m, 2H. 
CH,C=O), 3.55-3.70 (ni, I H ,  PCH, J l , , ,=3.0,  JHH=11.6, JH,=14.4), 
7.40-7.90 (m, IOH, Pk,P=O); NMR: 6 = 207.5 (C=O),  56.8 (CH, 
'Jcp = 56), 43.7 (CH,), 29.7 (CH,), 28.9 (CH,), 25.3 (CH,), 22.0(CH2), 13.8 
(CH,), 13.7 (CH,); M.p. 118&1 'C. C,,H,,PO, (342.4): calcd C 73.66, H 
7.95, P 9.05; found C 73.70. H 8.00, P 9.00. 


4-DiphenylpbosphinoyI-I-phenyl-1-heptyn-3-one (1 df): 'H NMR: 6 = 0.90 (t, 
3H, C f f , ,  JHH =7.3), 1.30 -1.60 (m. 2H, CH,CH,), 1.80-1.95 (m, 1 H, 
CH,CH,CH,), 2.25-2.45 (m, I H ,  CH,CH,CH,), 3.83 (m, I H ,  CHP, 
JHH = 3.0, JHl, =11.7, JHp =13.0), 7.25-7.90 (m, 15H, 3Ph);  ',C NMR: 
~=184.0(C=0),94.3(C),88.4(C),58.7(CH, ' Jce=  56.1),28.7(CH2),22.0 
(CH,, 'JCP =12.2), 13.8 (CH,): M.p. 160+1 "C. C,,H,,PO, (386.4): calcd 
C 77.70, H 6.00, P 8.02; found C 77.60, H 6.00, P 8.00. 


2-Diphenylphosphinoyl-1-phenylbntan-3-one (1 pa): 'H NMR: 6 = 2.05 (s, 
3H, CH,), 2.95-3.10(m, I H ,  CH,Ph, JHH=14.4, JHH=3.2, JHp=10.2). 
3.30-3.50(m, lH,CH,Ph,.JHH =14.4,JHH=11.8,JHp= 5.5),3.90-4.05(m, 
1H,CII-P,JHH=3.2,JHH=11.8,JHp=12.2),7.00-7.92(m,15H,3Ph); 13C 


M.p. 1 6 7 i  1 "C. C,,H,,PO, (348.4): calcd C 75.85, H 6.08, P 8.89; found C 
75.80, H 6.10, P 8.85. 


NMR: 6 = 204.2 (C=O), 58.8 (CH, 'JCP = 55) ,  32.5 (CH,), 31.9 (CH,); 


1,3-Diphenyl-2-Diphenylphosphinoylpropan-l-one (1 gb): H NMR: 6 = 3.1 5-  
3.35(m,1H,CH,Ph,JHH=13.8,JHH=2.6,JH,=10.3),3.50-3.70(m,1H, 
CH,Ph,JHH=13.8,JHH=11.4,JHp=4.8),4.75-4.90(m, lH,PCHCH,Ph,  
JI,,, = 2.6. JHH =11.4, JH,=15.7), 7.10--8.00 (m. 20H. 4Ph);  ' "C  NMR: 
6 =197.7 (C=O), 54.4 (CH, ' Jcr  = 54.5), 34.2 (CH,); M.p. 16821 'C. 
C27H,3P0, (410.5): calcd C 79.01, H 5.65, P 7.55; found C 79.10, H 5.65, P 
7.60. 


1,5-Diphenyl-4-diphenylphosphinoyl-I-pentyn-3-nne ( 1  gf): 'H NMR: 6 = 


3.15-3.40(m, lH,CH,Ph,J l iH =14.7,JHH = 2.8,JH, =10.1), 3.55-3.75 (m, 
1H,CH,Ph,JHH=14.7,JHH=11.5,JHp=4.9),4.10-4.30(m,lH,CHPO, 
JHH =11.5, JtSH = 2.8, JHp =12.7), 7.10-8.00 (m, 2OH, 4Ph); I3C NMR: 


M.p. 169F1 "C. C29H,,P0, (434.5): calcd C 80.17, H 5.34, P 7.13; found C 
80.10, H 5.35, P 7.10. 


6 d 8 2 . 8  (C=O), 94.9 (C), 88.6 (C), 60.5 (CH, 'Jcp = 53.2), 32.3 (CH,); 


2-DiphenylphosphinnyI-4-methyl-l-phenylpentan-3-one (1 gh) : H NMR: 


2.05-2.25 (m, I H ,  CH(CH,),), 2.90 3.10 (m, I H ,  CH,Ph, JHH=13.6, 
JHH=2.2,  JHp=12.1), 3.24-3.42 (m, I H ,  CH,Ph, JHH=13.6, JHH=11.6, 
JH,=4.6), 4.05-4.22 (m, l H ,  CHPO, JHH=2.2 ,  JHH=l l .6 ,  .iHr=16.0), 
7.05-8.02 (m, 15H, 3Ph); "C NMR: 6 = 210.2 (C=O), 58.5 (CH, 
'Jcp = 53) ,  43.5 (CH), 33.9 (CH,), 17.4 (CH,), 17.0 (CH,); M.p. 1 4 7 i l  "C. 
C,,H,,PO, (388.4): calcd C 77.30, H 6.49, P 7.97; found C 77.40, H 6.45, P 
8.00. 


6 = 0.36(d, 3H,  CH(CH,),,JHH=7.3),0.60(d, 3H,  CH(CH,),,JHH = 6.5), 


6-Diphenylphosphinoylundecan-5-one (lie): 'H NMR: 6 = 0.78 (t, 3H,  C H , ,  
JHH =7.3), 0.81 (t, 3H, CH, ,  JHH =7.4); 1.05-1.45 (m, 10H, 5CH,), 1.55- 
1.65 (m, 1 H, CHCH,(CH,),CH,), 2.05-2.15 (m, 1 H, CHCH,(CH,),CH,), 


2.35 2.55 (m. 2H, CH,C=O), 3.55-3.65 (m, 1 H, PCH, JHH = 3.0, 
JHH =11.6.JH,, =13.0),7.4-7.9(m,10H,2Ph);13CNMR:6 = 207,5(C=O. 
'JCP = 3), 57.0 (CH, 'JCp = 57), 43.5(CH2), 31.2(CH2), 28.4 (CH,, 
,JCP =13),26.7(CH2),25.1 (CH2),22.2(CH,),21.9(CH,), 13.8 (CH,), 13.7 
(CH,); M.p. 103&1 "C. C,,H,,PO, (370.5): cdkd C 74.57, H 8.43, P 8.36; 
found C 73.50, H 8.40, P 8.40. 


4-Diphenylphosphinoyl-2-methylnonan-3-one (1 ih): 'H NMR: rZ = 0.76 (d, 


CH(CH,),, JHH =7.1), 1.05-1.30 (m, 6H, CH,(CH,),CH,), 1.55-1.70 (in. 
1 H, PCHCH,(CH,),CH,), 2.00-2.15 (m. 1 H, CHCH,(CH,),CH,), 2.50- 
2.60 (m. 1 H, CH(CH,),), 3.70-3.85 (m, 1 H, PCH, JHH = 2.7, JHH =11.3, 


3H,  CH(CH,),, JHH = 6.6). 0.77 (t, 3H,  CH,, JHH =7.2), 0.92 (d,  3H,  


JH,, =16.X), 7.45-7.90 (m. ]OH, 2Ph);  '"2 NMR: fS = 211.5-211.44 (C=O. 
'JCp = 3),  56.0 (CH, 'Jcp = 5 5 ) ,  42.4 (CH), 31.6 (CH2). 29.0 (CH,), 28.9 
(CH,), 27.5 (CH,), 22.4 (CH,), 18.6 (CH,), 17.4 (CH,), 14 0 (CH3); M p. 
132+_1 "C C,,H,,PO, (356.5): calcd C 74.13. H 8.20. P 8.69: found C 74 20. 
H 8.20, P 8.70. 


9-DiphenylphosphinoyItricosan-lO-one(1 jk): 'H  NMR: 6 = 0.83 (t. 3 H. C H , .  
JHH = 6.9), 0.86 (t, 3H,  C H , ,  JHH = 6.5), 1.05-1.40 (m. 34H. (CH,),CH,. 
(CH,),,CH,), 1.60-1.75 (m, 1 H,  CHCH,(CH,),CH,), 2.05-2.25 (in. 1 H, 
CIICII,(CH,),CH,), 2.35-2.55 (in, 2H,  COCH,-(CH,), ,CIl,). 3.50 3.65 
(m, 1H,PCH,JHH=3.0,J i , , ,=11.6.JH,=13.4) ,7 .40-7.Y0(n~,  10H,2Ph):  
I 3 C N M R : 6  = 207.5(C=0),57.1 (CH, 'Jcl, = 56.5),43.7(CH2).31.8(CH,, 
' J , ,  =13.4), 14.1 (CH,), 14.0 (CH,); M.p. 6 2 1 1  'C. C,,H,,PO, (538.8): 
calcd C 78.02, H 10.29, P 5.75; found C 78.00, H 10.25, P 5.75. 


Synthesis of anti-a-alkyl-P-hydroxyphosphine oxides 2 from reduction of x-  
alkyl-/l-ketophosphine oxides 1 with metallic hydrides in presence of TiCI,. 
TiC/,/LiBH, method general procedure: TiCI, (1.3 mmol. solution 1 M in 
CH,CI,) was added to a solution of 1 (1 mmol) in CH,CI, ( 5  mL) at -30'C. 
The 1-eaction mixture turned orange. After 1 h the mixture was cooled ro 
-78 "C and LiBH, (1.5 mmol, solution 2 M  in THF)  was added. Two hours 
later, thc rcaction was allowed to warm to room temperature. I t  was then 
quenched with dilute HCI (10%) and extracted with Et,O. The organic layer 
was dried over MgSO,, filtered and evaporated giving anti-r-alkyl-/(-hydrox- 
yphosphine oxides 2 contaminated only by a minor amount of the syn diaster- 
eoisomer. Diastereomeric purity, determined by NMR analysis. and yields 
are reported in Table 1 ,  


TiCI,lBH,/py method-generol procedure: TiCI, (1.3 mmol, solution 1 M in 
CH,CI,) was added to a solution of 1 (1 mmol) in CH,CI, ( 5  mL) at - 3 0 ' C .  
The reaction mixture turned orange. After 1 h the mixturc was cooled to 
-78 "C and BH,/py (1.5 mmol) was added. Two hours later. the reaction was 
allowed to warm to room temperature. It was then quenched with dilute HCI 
(lo%), extracted with Et,O, dried over MgSO,, filtered and evaporated. The 
crude product was submitted to flash chromatography on a short silica-gel 
column (Et,O as eluent) to givc unfi-a-alkyl-a-hydroxyphosphine oxides 2 
contaminated only by a minor amount of thc syn diastereoisomer. 
Diastereomeric purity, determined by NMR analysis, and yields are reported 
in Table 1.  Elemental analyses of unknown products were performed on 
diastereomeric mixtures. 
Compounds ~nfi-2aa,"~~ anti-2ab,'301 and ur1ri-2ac"~' are known and were 
recognized by comparison with literature data.  We report the " C  NMR data 
here, since this is very useful for stereochemical assignment. 


(R*,S*)-3-Diphenylphosphinoylbutan-2-ol (anti-2aa): " C  NMR: 6 = 64.75 
(CH,'JC,= 3.2).36.9(CH,1Jcp=70.5),20.6(CH,,2J,p=13.2).5.2(CH,). 


(R*,S*)-2-Diphenylphosphinoyl-l-phenylpropan-l-ol (unri-2ab): ,C NMR: 
6 =70.8 (CH, ,JCP = 3.7). 38.5 (CH, ' J , ,  = 68), 5.4 (CH,). 


(R*,S*)-2-Diphenylphosphinoyl-l-cyclohexylpropan-l-ol (unti-2ac): "C 
NMR: 6=73.7 (CH, 'JCr=3.6), 40.2 (CH, 3JCp=11.5), 32.8 (CH, 
'Jcp =71), 29.9 (CH,), 28.7 (CH,), 26.4 (CH,), 26.1 (CH,), 25.9 (CH,), 5.6 
(CH,, ,.Icp = 5.4). 


(R*,S*)- 1-Cyclohexyl- 1-diphenylphosphino ylpentan-2-01 (unti-2cd): 
'HNMR: 6 = 0.74 (t, 3H,  CH,, JHl, =7.2), 0.9-2.1 (m. 15H. 7-CH, + 1- 
CH),2.17(brd,1H,CHP0,JH,= 9.8),3.95-4.10(m, 1 H,CHOH,JHp =13, 
.IHH =7.5), 4.20 (d, l H ,  OH, JHH = I S ) ,  7.30&7.85 (m. 10H. 2Ph). ',C 
NMR: 6 -71.3 (CH, '.JrP = 3.1), 47.2 (CH, '.ICp= 68). 37.5 (CH,, 
,JCP =12.3), 36.6 (CH), 34.5 (CH,), 33.5 (CH,), 33.4 (CH,), 27.4 (CH,), 
26.1 (CH,). 19.7 (CH,). 14.0 (CH,). C,,H,,PO, (370.5): calcd C 74.57. H 
8.43, P 8.36; found C 74.50, H 8.40, P 8.40. 


(Rx,S*)-l-Cyclohexyl-2-diphenylphosphinoylpentan-l-ol (unt1-2dc): 
'HNMR: 6 = 0.72 (t, 3H,  (CH,),CH,, JHH =7.0), 0.80-1.95 (m, 14H. 7- 
CH,),  2.05-2.20 (m. I H ,  Cff-Chx), 2.35-2.45 (m, l H ,  CHPO), 3.55-3.70 
(brt,1H,CH0H,JH,=10.2,J,,,=10.1),4.27(brs,1H,0H~.7.40-7.9S(m, 
IOH, 2Ph);  ' ,C NMR: 6 =74.3 (CH, 'JcP =12.2), 40.3 (CH, 'Jcp =12.2), 
38.0(CH, 'JC,, = 69.6), 29.6(CH2), 29.1 (CH,),26.1 (CH,),25.7 (CH,), 25.6 
(CH,), 23.6 (CH,), 23.5 (CH,, 'JcP = 6.1), 14.3 (CH,). C,,H,,PO, (370.5): 
calcd C 74.57, H 8.43, P 8.36; found C 74.55, H 8.45, P 8.35.  
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(R*,S*)-4-Diphenylphusphinoylnonan-S-ol (cmti-2de): ' H  N M R :  6 = 0.69 (I, 
3H.CH3.JHH =7.3) .0 .83(1 .3H.CH, . .~ , , , ,  = 6.8), 1.00-1.75(1n.9H,CW,). 
1.75 1.95 (m, 1 H. CH,). 2.15 2.25 (m. 1 H, C I I - P ) .  3.95 -4.05 (m. 1 H. 
CII-OH). 4.25 (brs,  IH.  OH). 7.30 7.95 (in. 10H. 2Ph);  "C NMR:  
6 = 6Y.Y (CH, 'JCp = 3.6). 41.1 (CH. lJCF = 68.9). 34.7 (CH,, 'JCp = 13). 
2X.2(C'H,).23.9(CH,;~.ICP =7.2).23.7(CH,).22.5(C'~11). 24.2(CH2), 14.0 
(CH,). C21H24P02  (344.4): cxlcti C 73.23, H 8.49, P 8.99; found C 73.20. H 
8.45. P 9.00. 


(R",S*)-4-Diphenylphosphino~l-phenyl-l-heptyn-3-ol (t~rri-2df):  H N M R :  
0 = 0.85 (1. 311. CH,. JI,H =7.1), 1.25 1.40 (m. 1 H. C'H,CH,). 1.50-1.65 
(in. 1 H. C112CH,), 1.65-1.80 (ni, 1 H. CH,CH2CH,,), 1.90 2.05 (m,  1 H,  
CH,CH2CH,), 2.75-2.85 (m. 1 H, CHPO, .IHH = 2.8). 5.05-5.20 (ni. 1 H. 
CHOH. JHp =17. JHOH = 5.2. = 2.8). 7.25-7.00 (m. 15H. 3Ph);  I,(- 


NMR:  0 = 88.2 (C .  '& = 14). 85.7 (C). (12.5 (CH).  43.4 (CH. 'Jcp = 67.6). 
37.1 (CHI) .  22.27 (CH,. 'JCp =7.3). 14.1 (CH,). C,,H25P02 (388.4): calcd 
C '  77.29, H (1.49, P 7.98: found c 77.20. H 6.45. P 8.00. 


(R*,SX)-2-Diphenylphosphinoyl-l-phenylhutan-3-~l (unt,-2ga): 'H N M R :  
d = I 2 0  (d. 3H. CH,. JHH = 6 .3 ) .  2 60 2.70 (m, 1 H. PCHC11,PIi), 2.90- 
.3.10(rn. 1H.PCl-lCH,Ph.JH~,=4.1,./,,,,=15.3,JH,=15.4),3.20-3.35(in, 
1 H. PCHCH,Ph. JFIp =13.7, Jllll =15.4, .IHH = 5 .8 ) .  4.25-4.40 (m. 1 H, CII-  
Olj. Jill, =I2.3.JHcH, = 6.3. JH~lH<l.Jllil~l). 4.4(brs ,  1 H, OH). 6.80 7.95 
1111. 15 H. 3Ph): ' " C  NMR:  6 = 65.9(CH),45.0 (CH, 'JCp = 68). 27.7 (CH,). 
21.8 (C'H,. *JCr =13).  C22H23P02 (350.4): calcd C 75.41. H 6.62. P 8.84; 
found C 75.45. H 6.60, P 8.80. 


(R',S*)- I ,3-I)iphenyl-2-diphenylphosphinoylpropan-l-ol (unti-2 gh) : 
' H N M R : 6  =2.70-3.20(m,3H.PCHCH,Ph).4.96(brs.I H,OH).5.63(d,  
1 H. CHOH. JHI, = 9.7). 0.06 (d. 2H,  JHH =7.0) and 6.65 8.05 (ni, IXH, 
4Pli); I3C NMIZ: d =71.2 (CH), 47.5 (CH. 'Jc,, = 66.2), 26.6 (CH,). 
C,-H,,PO, (412.5): calcd C 78.62. H 6.11. P 7.51 ; found C 78.70. H 6.10, P 
7.50 


(R*,S")-I ,S-I)iphenyl-4-diphenylphosphino? I- I -pentyn-3-ol (rinii-2 gf): 
'H NMR:  6 = 2.90-3.25 (in, 3H.  CHCHIPh). 4.90-5.00 (m. 1 H. CHOH, 
.IHOH = 5.8. Jllll = 2 2. JHp =18). 5.4 (d. 1 H, OH, Jtloll = 5.X). 6.80 -7.90 (m. 
?OH. 4Ph): I3C N M R :  d = 88.1 (C.'Jcl, =13) ,  86.7 (C). 62.7 (CH). 45.7 
(CH. '.Irp = 67). 31.5 (CH,). C,,HI,P02 (436.5): calcd C 79.80, H 5.77, P 
7 10: found C 79.90. H 5.75. P 7.10 


(R".S*)-2-Diphenylphosphinoyl-l-methyI-1-phenylpcntan-~-ol (uu/i-2gh): 
I H N M R :  d ~ 0 . ~ ~ 8 ( d , 3 H , C H ( C H , ) 2 . J l , i l =  6.7).0.94(d. 3H,CH(CH,)?,  
JtIH = 6.5). 1.75 1.90 35 (ni, I H. CH(CH,),). 2.80 3.30 (in, 3H,  CH,Ph 
and  CHPO), 3.60 (br t ,  1 H. CflOlI. ./llll = 10.6. JHp =10.6). 4.4 (brs.  1 H, 
0111. 6.75-7.90 (111. ISH,  3Ph): NMR:  6 =76.1 (CH) ,  40.9 (CH, 
'JCl, = 6X.5). 31.1 (CH. 'Jcl,=I2.6). 17.4 (CHI) ,  19.8 (CH,), 19.1 (CH,). 
C,,H2-POI ( 3 0 . 4 ) :  calcd C 76.90. H 6.97. P 7.93; found C 76.85, H 7.00. P 
X . 0 0  


(R".SX)-6-Diphenylphosphinoylundecan-S-oI (ui?/i-2ie): 'H NMR:  h = 0.73 (t. 
3H. C H , .  Ji i , ,=7.0) .  0.86 (t. 3H.  C H  / I IR=7.1) .  0.9.5-1.75 (m, 1311, 
CHL) .  1.80 2.00 (m, I H. PCHCH,(CH,),CH,); 2.15 2.20 (m. 1 H. P C H j ,  
3 .C)5~4.10(nl . IH,CHOH).4.25(s . IH,OH).7.40 7.90(m.l0H,2PI1); '~C'  
NMK: = 69.0 (CH).  41.3 (CII, 'Jcp = 69). 34.6 (CH2. '.Icp = 13). 31.7 
(CH,) ,  30.3 ( C H I .  '.Icp =15.5). 28.1 (CH,), 22.5 (CH,). 22.0 (CH,). 21.4 
((.H2). 13.9 (CH,). 13.7 (CH,). C2,H,,P0, (372.5): calcd C 74.16, H 8.93, 
P 8.31; found <' 74.20. H 8.90. P 8.30. 


(R",.S")-4-Diphenylphosphinoyl-2-methyInonan-.7-ol (c~rri-2 ih): 'H N M R : 
( j  := 0.60 (1. 3 13. (CH,) ,CH, ,  .JIl1 = 6.9). 0.74 (d, 3 H. CH(C/f,),. = 6.7), 
0.X8 (cf. 3H,  CH(CH,)?. JH,=7.6). 0.85-1.20 (m. 6H.  3CH,). 1.45-1.65 
[ni. I H. C/f(CIl,)& 1.70-1.90 (m, 2H. CH,). 2.25 2.35 ( i n ,  1 H. PCH) ,  
?.40- 3.55 (in. 1 H. CHOH. JHH = 8.0. Jill, = 1 0  X). 4.3 (brs,  1 H. OH). 7.35- 
7.80 (m. I O H .  2Ph) :  I3C N M K :  6 =75.9 (CH. 'JcI, = 3 .5 ) ,  38.8 (CH, 


( C I l ' ) .  21.4(CH2). 19.6(CCt3). I9 2(CH,). 13.X(CH,). CL2H,,P0,  (358 .5 ) :  
calcd C' 73.72. H 8.72, P 8.64: found C 73.75. H 8.75. P 8.60. 


'JCP = 7 0 ) .  31.9 (C'H,). 31.2 (CH, 'Jcl. = 13). 30.1 (CH,. .,Icp = S), 22.0 


(R",S")-9-Diphenylphosphinogltricosan-l0-01 (anti-2jk): 'H NMR:  6 = 0.83 
(1. 31-1. CH,, .IHH =7) ,  0.87 (t. 3H,  CH,, ./illl =7) ,  1.05-1.90 (m. 38H. 
(CH,)-CH3.  (CIf2)12CH,), 2.10--2.20 (ni. 1 H. P C H ) ,  3.95 4.05 (m. 1 H. 


CHOH). 4.3 (brs,  1 H. OH),  7.40-7.90 ( m ,  10H, Ph); I3C NMR:  b = 69.9 


'.ICp =7) .  C,,H,,PO, (540.8): calcd (77.73. H 19.62. P 5.73: found C77.70. 
(CH. 'Jcl,=4). 41.3 (CH, '.ICp= 69). 34.9 (CH,. 'Jcp =13). 31.8 (CH,. 


H 10.65. P 5.75. 


Synthesis of .syz-a-alkyI-$hydroxyphosphine oxides 2 from reduction of r- 
alkyl-/l-ketophosphine oxides with metallic hydrides in presence of CeCI,. 


CeCl,iBH,jlq, in CH,C/,: Dried CeCI, (1.3 minol) was suspended in 5 mL of 
CH,CI, and left to stir overnight a t  room tcmpcraturc. At this temperature 
a solution of 1 aa (1 mmol) in 5 mL of CH,CI, was added and left to stir until 
[he inixturc became opalewent. After I h the mixture was  cooled to -78 C 
and BH,'py (1.5 mniol) w Ldded. Four hours later, the reaction \$as al- 
lowed to warm to rooin temperature. I t  wits then quenched with dilute HCI 
(10"h) and cxti-acted with Et,O. Starting material 1 aa was almost quantita- 
tively recovered. 


CuCl,~L/BH, in CH,Cl,-gcwrul p r ~ ~ ~ t l ~ ~ :  Dried CeCI, (1.3 mniol) was 
suspended in 5 mL ofCH,CI, and left to stir overnight at room temperature. 
At this temperature a solution of 1 (1 mmol) in 5 mL of CHICI, was added 
and left to stir until the mixture became opalescent. Then i t  was cooled to 
- 7 8 ' C  and LiBH, (3 mmol, solution 2\1 in T H F )  was added. Two hours 
later. the reaction was allowed to reach room temperature and then quenched 
with dilute HCI (10%) and extracted with EtZO. The organic layer was dried 
over MgSO,. filtered and evaporated to give .srn-%-alkyl-P-hydroxyphos- 
phine oxidcs 2 containinated only by a minor aniount of the tmri diastereoiso- 
mer. Diastcrcomcric purity was determined by NMR analysis. This proce- 
dure was applied only to a-alkyl-/3~kctophosphine oxides I aa,de,ga. 
Diastercoincric purity of . ~ ~ - 2 a a , d e , g a  and yields iire reported in Table 2. 


C'cC'/,!LiBH4 O z  T H F  ~ ~c,i?er.~Ipr.oc.r[lurr.: Dried CeCI, (1.3 inmol) was sus- 
pended in  5 mL o f T H F  and left 10 slir overnight a t  room temperature. At this 
temperature a solution of 1 ( 1  mmol) in 10 m L  of THF was added and left to 
stir until the mixture became clear. Then i t  was cooled to - 78 C and LiBH, 
( 3  mniol, solution 2~ in THF) was added liVo hours later. the ireaction miis 
allowed to reach room temperature and then qtrenched with diltik HCI 
(10%) and exlractcd with Et,O. The oryanic layer was dried over MgSO,. 
filtered and evaporated to give .\:ric-r*-alkyl~/l-hydroxyphosphine oxides 2 con- 
taminated only by :I ininor amount of the L/r?/1-diastereoisomer except in the 
reaction of 1 cd,df,gf. Our attempts to separate the two diastereomers of 2cd 
and 2df were unsuccessful. Diastereomcric purity, determined by NMR anal- 
ysis, ;ind yields are reported i n  Table 2. Elemental analyses of unknomn 
products wcrc performed 011 diastereomei-ic mixtures. 
Compounds . ~ , 1 ~ - 2 a a , " ~ ~  . ~ y n - 2 a h . [ ~ ~ ~  and q ~ 2 a c " ~ '  iire known and were 
recogni7cd by comparison with literature data.  We report the I3C NMR data 
here. since this is very useful for stereochemical assignment. 


(R*,R*)-3-Diphenylphosphinoylhutan-2-ol ( .c i :~2aa):  I3C NMR:  6 = 67.3 
(CH). 39.0 (CH. 'Jcp = 69.9), 20.7 (Ck13, 'JCI, = 4.Y). Y.9 (CH,3). 


(R*,R*)-2-Diphenylphosphinoyl-l-phcnylpropan-l-ol (.syn-2ab); " C  NMR 
6 =75.8 (CH, 'JcI, = 3.6).  39.4 (CH, = 68). 13.1 (CH,). 


(R",R*)-2-Diphcnylphosphinoyl- I-cyclohex ylpropan-1-01 (.5,1.n-2 ac) : I 'C 
NMR:  (3 =76.3 (CH, 'Jet,= 5.0).  40.2 (CH, 'J(.r = 9.0). 34.7 (CII. 
',/(.,, =70),30.4(CH,),26.7(CH,).2h.5(CHz).26.4(CII,).25.2(CH,). 12 7 
(CH,). 


(R*,R*)-l-C~clohexyI-l-diphenylphosphinoylpe11ta1i-2-ol ( A J - P - ~  cd): The reac- 
tion of 1 cd with CeCI, LiBH, gave a 2 8 mixture of  .~~,r1-2cd and truri-2cd 
Our attempts to separate the two diaitei-eoincrs were unsuccessful. NMR 
signals that do  not ovei-lap are reported ' H  NMR:  d = 0.69 (1. 3H. C H , .  
JHe =7.3). I3C NMR:  f =71.1 (CH). 47.6 (CH. = 68). 41.2 (CII,. 
'JCp = 3.5), 3X.X (CH). 29.7 (CH,). 13.X(CH3). C,,H,,PO, (370.5): C Z I ~ C ~  C 
74.57. I< X.43. P X.36; found C 74.55, H 8-45. P 8.35. 


(R*,R~)-l-Cyclohex~l-2-diphcnylpl1osphinoylpentan- 1-01 (,s,1.r1-2 dc): 


7CH,). 1.95-2.05 (111, I H, CH-Chx). 2.55-2.65 (m. 111. CHPO), 3.50-3 70 
(in. 1 H ,  CHOH, Jllp = 21.8. JHOH = 8.0. JHEl = 4.6, Jllll =7.7). 4.37 (d. I H. 
OH, Jil(,ll = X O ) ,  7.40 7.95 (10H. 2Ph);  " C  N M R :  d =77.15 (CH. 
'Jrp = 5 .3 ) ,  41.66 (CH. '..Icr = 4.6). -38.7 (CH, 'JCr = 68.5). 30.4(CH2). 29.4 
(Cl l , ) .  28.4 (CH,). 26.3 (CH,), 25.9 (CH,). 25.8 (CHI). 21.3 (CH,. 


' IHNMII :  6 = 0.72 (1, 311,  (CH,)?CH,!. JIIII =7.(1). 0.60-1.90 (111, 14H. 
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'JcI, =10.5), 13. 9 (CH,). C,,H,IPO, (370.5): calcd C74.57. H 8.43, P 8.36; 
found C 74.60, H 8.45. P 8.30. 


(R",R*)-6-Diphenylphnsphinoyl-nonan-S-nl ( sw-2de):  'H  NMR : 6 = 0.75 (t. 
3H,  CH,, Jllll = 6.9). 0.77 (t. 3H,  Cli,. JIlll = 6.9). 1.05-1.75 (m. IOH,  
5CIf,),2.35 -2.50(ni.1H,CIIP),3.80-4.00(m,1H.CI/OH).4.25(brs,IH, 
OH), 7.40-7.85 (m, 10H, 2Ph);  ' -?C NMR:  6 =72.4 (CH, 'JrP = 3 . 3 ) ,  42.5 
(CH, 'JcI3 = 68), 36.3 (CH,, 'JcI, = 6). 28.6 (CH,). 2X.4 (CH,), 22.4 (CH,), 


C 73.23. H 8.49, 1' 8.99; found C 73.20, H 8.50, P 9.00. 
21.82 (cH,, 3 . 1 ~ ~ .  = t o ) ,  14.0 (cII,). 13.9 (c:ki3). C ~ ~ H , , P O ,  (344.4): caicd 


(R',R*)-4-Diphenylphosphinoyl-l-phenyl-l-heptyn-3-n1 (JJ~I-2  df): The reac- 
tion of 1 dfwith CeCI,/LiBH, gave a 1 : 1 rnixturc of.wn-2df and anti-2df. Our 
attempts to separate the two diastereoiners were unsucccssful. The H NMR 
signals o f  the two products ahlost  completely overlap. 13C NMR signals are 
distinguishable: 6 = X8.95 (C, '.Icl, =7.9), 80.6 (C), 62.5 (CH. 'Jcp = 3.2) ,  
42.6 (CH. 'Jcp = 68.5). 28.4 (CH,). 21.4 (CH?. zJcl, = 9.9). 13.9 (CH,). 
C,,H,,PO, (388.4): c;ilcd C 77.29, H 6.49, P 7.98; found C 77.30, H 6.50, P 
8.00. 


(R*,R*)-2-Diphcnylphosphinoyl-I-phenyIbutan-3-ol (syn-2ga): 'H  NM R: 
6 = l . I 2 ( d ,  3H,  C:FI,.J,,,=6.6),2.65~3.15(in, 3H,  PCH-CH,Ph). 3.85- 
4.05 (m, I H .  CH-OH), 4.15 (d,  I H ,  OH, JHoH = 8.5), 7.00-7.95 (m. ISH,  
3Ph); "C N M R :  6 = 68.0 (CH, 'Jcp = 3.4). 45.4(CH, '.Icp = 66.5) ,  32.3 
(CH,), 23.7 (CH,). C,,H,,PO, (350.4): calcd C 75.41, H 6.62, P 8.84; round 
C 75.40. H 6.60, P 8.85. 


(R*,R*)-l,3-Diphenyl-2-diphenylphosphinoylpropan- 1-01 ( . ~ y n - 2 g b ) :  
'H NMR: 6 = 2.75-2.85 (m. I H, CHCII,Ph), 2.95-3.25 (m. 2H,  
CHCH,Ph), 4.95-5.10 (m. 1 H, CIfOH, .IHo,, = 8.2, JHll = 3.6, .Itlr = 24): 
5.77 (d. I H ,  OH, JlloH = 8.2). 6.80-7.90 (m. 20H, 4Ph); I3C N M R :  
6 ~ 7 3 . 3 1  (CH. 'JcP = 4.4), 46.0 (CH. '.Icp = 66.1), 32.9 (CH,). C,.H,,PO, 
(412.5): calcd C 78.62, H 6.11, P 7.51; found C 78.60, H 6.10. P 7.55. 


(R",R*)-1,5-Diphenyl-4-diphenylphosphinoylpentyn-3-ol (qm2gf): H NM R : 
6 = 2.60-2.80 (m, 1 H, CHCH,Ph), 2.90 3.10 (m. 1 H, CHCH,Ph). 3.15- 
3.35 (m, 1 H, CHCH,Ph). 4.65-4.90 (m, 1 H, CHOH, JlloH = 9.9. JHIl = 3.3. 
JHp = 24): 5.32 (d. 1 H, OH, .IHoH = 9.9), 6.80 8.10 (m. 20H, 4Ph); 13C 


32.5 (CH,). C,,H,,PO, (436.5): calcd C 79.80, H 5.77, P 7.10; found C 
79.85, H 5.80. P 7.10. 


(R",R*)-2-Diphenylphosphinoyl-4-methyl-l-phenylpentan-3-01 ( . s 1 ~ - 2 g h ) :  
'H NMR:  6 = 0.47 (d, 3H,  CH(CH3) , ,  JHH = 6.6), 0.80 (d, 3H. CH(CH,3),, 
JHH = 6.5) ,  1.55 1.70 (m. 1 H, CH(CH,),), 2.75-3.10 (rn, 3H. PCH and 
CH,Ph), 3.25-3.40 (m, CHOH, JI1,, = 3.3, Jllll = 9.0, JHoH = 9.0, 
JIlp = 23.4). 4.61 (d. 1 H, OH, JHoH = 9.0), 7.05-7.95 (m. 15H, 3Ph) :  "C 
N M R :  6 =78.5 (CH, 'JcP = 5 .5 ) ,  41.45 (CH, 'Jcp = 66.3), 34.0 (CH,), 32.42 
(CH, ,JcP = 3.7), 19.6(CH3), 19.1 (CH,). C,,H,,PO2(390.4):c;ilcdC76.9O, 


NMR:  6 = 89.3 (C), 87.6 (C). 61.7 (CH. 'JrI, = 5 ) .  44.1 (CH. lJcP = 67.7). 


H 6.97, P 7.93; found C 76.90, H 7.00, P 7.90. 


(RX,R*)-6-Diphenylphosphinnyl-undecan-S-ol ( . ~ ~ - 2 i e ) :  'H  NMR : 6 = 0.77 
(1, 3H, C H , ,  JHH =7.1), 0.78 (t, 3H,  CH,. JHH =7.1), 0.85-1.55 (m, 13H, 
C H , ) ,  1.60 1.80 (m, 1 H, PCHCH,(CH,),CH3); 2.40-2.50 (m, 1 H, PCH), 
3.85-4.05 (m. 1 H, CHOH), 4.19 (d,  I H ,  OH, JHOH = 6.8). 7.40-7.90 (m, 
IOH, 2Ph); I3C N M R :  6 =72.48 (CH, 'Jcp = 3), 43.7 (CH, 'JcP = 68.5) ,  
36.35 (CH,, 'Jcp = 5 ) ,  31.6(CH2), 28.4 (CH,), 28.3 (CH,), 26.5 (CHJ,  22.4 
(CH,), 22.2 (CH,). 13.9 (CH,). C,,H,,PO, (372.5): calcd C 74.16, H 8.93, 
P 8.32; found C 74.10, H 8.95, P 8.30. 


(RX,R")-4-Diphenylphosphinoyl-2-methyl-nonan-3-ol (sj,t7-2 ih) : H NM R : 


0.86 (d, 3H,  CH(CH,),, JHH = 6.6), 0.90&1.15 (m, 6H,  3CH,), 1.30-1.55 
(m. 2H,  CH,), 1.60-1.70 (m, I H ,  CH(CH,),), 2.45-2.55 (m, I H .  PCH), 
3.50-3.65(m,1H,CHOH,JH,,=7.1.Jl,,,=6.6,JH,,=12.6,JHl,=18),4.40 
(d, I H ,  OH, JHoH =7.1). 7.35-7.80 (rn. 10H, 2Ph); ',C NMR:  6 =77.75 
(CH, 'JcP = S), 40.25 (CH, 'JcP = 69). 31.8 (CH,), 31.6 (CH), 27.9 (CH,. 
'JcP = 9), 27.5 (CH,). 22.3(CH2), 20.1 (CH,), 17.5 (CH,), 14.0 (CH,). 
C,,H,,PO, (358.5): calcd C 73.72, H 8.72, P 8.64; found C 73.70, H 8.75, P 
8.65. 


6 = 0.69 (t, 3 t-l, (CH,)4CN3,J,,H =7.4), 0.70 (d. 3H,  CH(CH,),, JHH = 6.8), 


(R*,R*)-9-Diphenylphosphinoyltricosan-lO-oI ( . sy-2jk):  'H N M R :  6 = 0.85 
(t, 3H,  CH,. JHH =7). 0.90 (t, 3H,  C H , ,  JHH =7). 1.05 1.70 (m, 38H, 


(Cff,),CIH3, (CH,),2CH,), 2.40-2.50 (in, I H. P C H / ,  3.X5-4.00 (in. 1 t L  
CHOH). 4.2 (hrs. 1 H. OH), 7.40-7.90 (m, IOH. 2Ph) ;  " C  NMR:  d =72.1 
iCH). 42.9 (CH. = 68.4), 36.3 (CH,), 31.7 (CHI.  ',Ic,, = 12).  
C,sI157P0, (540.8): d c d  C 77.73, H 10.62. 1' 5.73; fount1 C 77.70. I 1  IO.hO. 
P 5.70. 


Reduction of z-alkyl-P-ketophosphinc oxides I aa, I de, I cd with LiBH, in 
THF-general procedure: A solution of I ( I  mtnol) in 1 0 m L  d"I'HF W:IS 


coolcd to  the desired temperature and LiBH, ( 3  mmol. colution 2~ i n  THt ' )  
was added. 'Ihc reaction was left to stir a t  this tzrnpci-:iture tor  four houra and 
then quenched with dilute HCI (10%) and extracted with Et,O. The (wfaiiic 
layer was dried over MgSO,, filtered and evaporated. The crude product wiis 
submitted to flash chromatography on a short silica-gcl coluiiiii (EtLO a s  
eluent) in  order to remove a undefined polymeric incoluhlc iiiateri:iI. 7 he 
residual collected material was submitted to NMR analysis. i h t a  iii-c ircport- 
ed in Tablc 3. 


Synthesis of (Z)-9-tricosenc (muscalure. (Z)-6):  Compound mtr-2 jk (7  mmol) 
was dissolved i n  anhydrous D M F  (5 mL) ,  trntcd with x i  cxccss of KH and 
heated at 50 C for 30 niin. The mixture was cooled. 5 inL of pentanc addcd. 
and the rcsulting solid removed by liltration and washed w i t h  pentane. The 
organic mother liquor was washed with water. dried and cctiiccnt~ited to 
dryncsa. The olefin ( Z ) - 6  was obtained in 95 YO yield and in O?'l/o stCrt'oiiicric 
purity. 


Synthesis of (E)-9-tricosene: Olefin ( 4 - 6  was obtained from .siii-2jk 111 OX'%, 
yield and in 92% stcreorneric purity following the same procedure a h  for thc 
synthesis of muscalure. 


Synthesis of(Z)-1-cyclohexyl-I-pentene: Olctin (%)-7 was obtained I'i-om i i t i f ; .  


2cd and unti-2dc in 96%) and 07'% yields and in 97% and 0 2 %  sterwmeric 
purities. respectivcly. following the wine proccdui-e a s  for  the syntlicsis of  
muscalure. Selected ' "C  NMR data:  d = 136.1 (C11). 127.7 (CH).  36.3 (CH).  
29.5 (CH,). 


Synthesis of (E)-1-cyclohexyl-1-pentene: Oletin ( E  j-7 was ohtaineci from .A+ 


2dc in 98% yield and in 98% stereomeric purity following the same proce- 
durr as Tor the synthesis of muscalure. Selected "C N M R  data:  6 =136.6 
(CH). 127.4 (CH), 40.7 (CH), 33.3 (CHJ.  
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Gold Clusters and Colloids in Alumina Nanotubes 
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Abstract: The fabrication of a supported 
and insulated quantum wire would be of 
great interest, especially if electronic in- 
formation could be accessed to determine 
charging and conductivity profiles. The 
feasibility of forming one-dimensional 
configurations of zz 15 nm gold colloids 
and 2.4 nm gold clusters via template 
methods of synthesis has now been 
demonstrated. The template host material 
consisted of porous alumina membranes 
formed by an electrochemical anodic pro- 
cess. The pores of the membrane, and 
hence the parallel pore channels, were 
packed in a hexagonal array. Alumina 
membranes are excellent template materi- 
als because of their high degree of order, 


thermal and chemical stability, and opti- 
cal clarity. Pore diameter was controlled 
by regulation of the applied anodic poten- 
tial (ca. 1.4 nm V - I ) .  The pore channels 
were filled by one of three methods: vacu- 
um induction (colloids only), elec- 
trophoresis (clusters only), or immersion 
(clusters, which were then converted into 
colloids by heating). Rudimentary wires 
consisting of colloids and clusters were 
successfully formed. In both cases, the di- 
ameter of the pore channel exceeded that 


Keywords 
clusters * colloids * gold - 
nanostructures * quantum wires 


of the clusters or colloids. The wires thus 
formed conformed to  the pore channel by 
forming helical secondary structures. It 
was not possible to form contiguous wires 
of clusters by immersion, or  of colloids 
formed from clusters after heating. Com- 
posites (consisting of the gold-alumina 
system) were a bright scarlet color with an 
absorption maximum (A,,,,,) a t  519.5 nm. 
This is an unexpected result for spherical 
and small-diameter (10 nm) gold colloids, 
which normally absorb at i,,, 525- 
530 nm, a ruby-red color. Possible causes 
of this small but remarkable blue shift are 
discussed below. A new Au,, cluster lig- 
and system consisting of a silsesquioxane- 
derivatized thiol is also described. 


Introduction 


Metal particles in the nanosize region can show quantum prop- 
erties."' These quantum size effects are not merely of theoretical 
interest but have potential for future applications in nanoelec- 
tronics. Quantum dots are able to  communicate via single elec- 


[*I G.  Schmid, G .  L. Hornyak, M. K r d l ,  R .  Pugin, T. Sawitowski 
Institut fur Anorganische Chemie der Universitit Essen 
Universitdtsstrasse 5-7. D-45117 Essen (Germany) 
Fax: Int. code +(201)183-2402 
e-msil : guenter.schmid(n:uni-essen.de 
J.-0.  Bovin 
National Center for High-Resolution Electron Microacopy 
Inorganic Chemistry 2 ,  Chemical Center 
P. 0. Box 124, Lund University, S-22300 Lund (Sweden) 
Fax: Int. code +(46)222-4012 
e-mail: jan-olov.boviniu~oorg2.1 th.se 
G. Karsson 
Biomicroscopy Unit 
Inorganic Chemistry 2 ,  Chemical Center 
P. 0. Box 124, Lund University, S-22100 Lund (Sweden) 
H. Hofmeister, S. Hopfe 
Max-Planck-Institut fur Mikrostrukturphysik 
Weinberg 2 ,  D-06120 Halle (Germany) 
Fax: Int. code +(345)551-1223 
e-mail: hof([~mpi-halle.mpg?.de 


trons, and will play a decisive role as building blocks in materials 
with completely novel physical and chemical properties. How- 
ever, the use of such ultimately miniaturized materials will only 
be possible if we are able to organize them in a proper configu- 
ration, that is, into three-, two-, or one-dimensional arrays. The 
study of the electronic interactions between the single quantum 
dots is easiest if they are arranged one-dimensionally as in a 
wire. The wire can be composed of ligand-stabilized metal clus- 
ters or of colloids. Both are available in preparative amounts 
and have been investigated extensively.[21 For  example, it is 
known that ligand-stabilized gold clusters [Au,,(PPh,),,Cl,]. 
of 1.4 nm diameter and stabilized by PPh, ligands, exhibit 
semiconductor behavior in a three-dimensional dense-packed 
ensemble.[2. 31 Therefore, the tunneling behavior of 20- 100 
Au,, clusters formed in a one-dimensional configuration would 
be of great interest. Comparison with the conductive nature 
of wires made of 10-15 nm colloids would also be interesting, 
as the diameters of the colloids are ten times those of the 
clusters. 


The generation of one-dimensional cluster and colloid arrays 
can be accomplished with the appropriate substrates by a self- 
assembly process. We decided to try a template material consist- 
ing of porous aluminum oxide formed by anodic oxidation of 
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high-purity aluminum plates or foils.[4, 51 A schematic illustra- 
tion of the structure of a porous film is shown in Figure 1 .  The 
pore channels are parallel throughout the membrane and are 
packed in ii hexagonal configuration. The interfacial oxide layer 
between the porous layer and the aluminum metal substrate (the 
barricr layer) can be removed so that the pore channels are open 
on both faces of the membrane. The porosity of such mem- 
branes is between 20 and 30%. 


pores 


alumina 


barrier layer 


aluminum 


Figure 1 .  Schematic illustration or an idealized nanoporous alumina membrane. 
The pores are hexagonally arranged and are still fixed to  the aluminum, but separat- 
u d  by a harrier layer 


The diameter of the pores is regulated by the applied anodic 
potential. The I-elationship between pore diameter and anodic 
voltage is approximately 1.2- 1.4 nm per anodic volt applied.rG1 
Membranes with a very high degree of order have been formed 
by Masuda and co-workersr7’ but membranes with a good de- 
gree of order can be produced routinely. Template-based fabri- 
cation strategies based on porous alumina films have been de- 
veloped extensively in the laboratories of Martin,18] Masuda,[’] 
and Moskovits.r’ol Porous alumina membranes possess excel- 
lent thermal, chemical, and optical properties. They can be im- 


Abstract in German: Die Miigliclzki~it zur Herstellung eindimen- 
.cioiiuler Anorrlnungrn von z 15 nm grqpen Coldkolloiden und 
1,4 izm groJen Goldelustern iiher Templutsynthesen wird gezeigt. 
Das Tiwzplutnmtei-iul besreht aus poriisen Aluminiumoxidmem- 
bi-unm, rwlclze Llurch unodische Oxidation von A~uminium gewon- 
niw wrrden. Die parallelen Poren sind iiherwiegend hexugonal 
ciiigt~ordnc~t. Dunk dw holzen Ordnung der Poren, der thermi.schen 
iriid cheini.schcn Stnhilitut sowie der optischen Trunspurenz stellen 
soldw Memhranen uusgezeichnete Template dur. Die Poren- 
durcIiiws.scr wertlen iiher das unorlische Potential gesteuert. Die 
Kuiiule kiiuizen uuf‘ dreierlei Arten gefiillt uwden : Durch Vuku- 
~iniincliiktion i Kolloide) , Elektrophorese (Cluster) oder durch 
einfuclzc~s Eintuuciien iCluster) . So konnten, allerdings noch un- 
rollkomnzene, Kolloid- uud Clusterdruhte erhalten werden. Heli- 
kc11 angcortlnctc C;olck.lusteraizordni~ngen werden in Poren heob- 
ocht r t ,  die geriizgjugig griger .sind uls der Clusterduurchmesser. 
Die, Tlic.rmol,w~ ch~rter-haltiger Membranen fuhrt zii inten.civ rot 
gcjurhtet? trun.spur~,nt~n Muteriulien, deren Absorptionsmu.ximu 
w i n  P~irendurcIir?iesser uhhiingerz. 


mersed in solutions over a wide range of p H  values. The mem- 
branes may be exposed to both inorganic and organic solutions 
without great danger. The meinbranes possess high optical 
transparency in the visible range of the spectrum.[”] Films 
thicker than 10 pm have excellent mechanical properties, but 
thinner films require support. This is not problematic, since the 
porous oxide can be left on the aluminum metal during filling 
and other steps which require handling. 


Formation of one-dimensional wires on the nanoscale is tech- 
nologically challenging. In order to form a useful quantum wire, 
one that may be included in nanodevices of the future, the wire 
has to be supported, isolated, and insulated. The template 
method offers possible solutions to this challenge by providing 
the means by which nanoparticles can be assembled, supported, 
and insulated. The final form of the wire would depend on the 
dimensions of the pore channel. Ideally, a one-dimensional wire 
consisting of a chain of clusters or colloids is possible if the 
diameter of the pore channel coincides with the diameter of the 
ligand-stabilized cluster or colloid. The clusters or colloids have 
to be packed tightly into the pore channel so that contact be- 
tween them is maintained throughout the thickness of the mem- 
brane. Linking of the spherical particles in situ by chemical 
means is also possible once they have been introduced into the 
pore channel. Electrical contacts can then be applied on both 
surfaces of the filled alumina membrane by sputtering silver or 
gold on both faces of the membrane. For  STM analysis, only 
one side needs to provide an ohmic contact. The length of the 
nanowire would depend on the thickness of the porous film; it 
is possible to  vary the thickness of the film from 10 nm to greater 
than 100 pm. 


Results and Discussion 


Three methods were employed for pore filling: vacuum induc- 
tion, electrophoretically based, and capillary-dipping proce- 
dures. Other methods are also being investigated, including the 
formation of nanoparticle assemblies by electrodeposition[”I 
and electrolessr’O1 strategies. For clusters, the electrophoretic 
method gave the best results; for colloids, the pores were better 
filled by the vacuum induction method. The dipping technique 
served to saturate the alumina surfaces (both inside the pore 
channels and on the faces of the membrane) with clusters but 
without forming contiguous wires. The formation of colloids 
during heat treatment of a cluster-saturated membrane follow- 
ing immersion in cluster solution is also described here. 


Two analytical methods were employed to  determine the pore 
size and structure of a generic alumina membrane: atomic force 
microscopy (AFM) and transmission electron microscopy 
(TEM). The results of the measurements arc compared below. 
In Figure 2a,  an A F M  image of the surface of a porous mem- 
brane is shown. This membrane was formed under 20 V anodiz- 
ing conditions. Ion milling of the surface of this membrane 
improved the smoothness of the surface significantly. The de- 
gree of order of the pore distribution was quite high. The pore 
diameter determined by A F M  was 25 nm. When determined by 
TEM (Figure 2 b), the pore diameter of the same membrane was 
30 nm, about 1.2 times that determined by AFM. It is well 
known that objects imaged by AFM or STM appear larger than 
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was an improvement over the previous one, as steric surface and 
static charge exclusion problems were overcome. From Figure 4 
it can be seen that the colloids have achieved a one-dimensional 
configuration in several of the narrow channels. 


a b 
Figure 2. a) AFM image of an ion-milled alumina membrane. The average diame- 
ter is measured as 25 nm. b) T E M  image of the same ion-milled membrane. 
The pore diameter is measured as 30 nm. The reason for the difference is explained 
in the text. 


they are,[131 because of the interactions between the tip and the 
object. Consequently, the diameter of a pore seems to be smaller 
when measured by AFM than TEM measurements suggest. 


A TEM micrograph of rudimentary nanowires formed in an 
alumina membrane anodized at 40 V is shown in Figure 3 .  The 
pore diameter of this film was 50 nm, and it was filled with gold 


Figure 4. TEM images of rudimentary one-dimensional wires made of 15 nm di- 
ameter hgand-stabilized Au colloids. The pore channel diameter 111 this case wits ca. 
20 nm. 


Electrophoretic filling of pores as small as 6-8 nm with Au,, 
stabilized with the T,-OSS-type ligand (Figure 5 )  has been ac- 
c~mpl ished . [ '~~  This newly synthesized Au,, ligand system pos- 
sesses several advantages over the standard PPh, ligands used 
previously. The diameter of the cluster is 4.2 nm (the Au,, clus- 
ter stabilized with PPh, ligands was only 2.1 nm in diameter). 


Figure 3. TEM image of rudimentary wire structures made of ligand-stabilized Au 
colloids (diameter 15 nm) in pore channels of 50 nm diameter. The collolds were 
forced into the pore channels of the alumina by vacuum induction. 


colloids of 15 nm diameter by the vacuum induction method 
described in the Experimental section. Since the pore channel 
diameter was larger than that of the gold colloids, up to four 
colloids could be packed along the diameter of the pore. Anoth- 
er difficulty with this method was that not all the pore channels 
were filled uniformly. This was partially attributable to the dif- 
ferential flow resistance of individual pore channels within the 
matrix. 


Vacuum induction of 15 nm gold colloids was also performed 
with specially prepared membranes in which the pore diameter 
was reduced systematically. Because voltage reduction occurred 
before anodization was finished, the pore size decreased while 
the number of pores increased. Essentially, the colloids were 
tunneled into smaller and smaller pore channels. This method 


d D 
Figure 5.  The T,-OSS ligand (T = RSiO,,,. OSS = oligosilsesquioxane) 


This is a highly desirable characteristic in that extremely small 
pores of about 2 nm in diameter, which are more difficult to 
fabricate, are not needed. Another advantage of the new ligands 
is that agglomeration among clusters is effectively prevented. 
The clusters are soluble in pentane as well as in CH,CI,, and 
solutions of clusters are stable over extended periods of time. 


A TEM micrograph of a single pore electrophoretically filled 
with T,-OSS-stabilized Au,, clusters is shown in Figure 6a. 
Along the distance of 70nm indicated, 20 or 21 clusters are 
arranged, not exactly in a straight line but rather in a helical 
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Figure 6. a) TEM image of one-dimensional wire composed of T,-0%-stabilized 
Au,,  clusters. The clusters were introduced into the pore channels by electrophore- 
sis. Because the diameter of the pore channel was ca. 7 nm and that of the clusters 
4.2 nm, a helical structure consisting of clusters was formed. b) Schematic represen- 
tation of the possible helically structured quantum wire in the pore channel. 


structure. A sketch of the possible structure is shown in Fig- 
ure 6 b. As the diameter of the pore is about 7 nm, whereas that 
of a cluster, including the ligand shell, is only 4.2 nm, the helical 
arrangement is understandable. Only 16 or 17 clusters could be 
arranged in a straight line in a pore 70 nm long. 


For the dipping method, membranes of different pore sizes 
were immersed in dichloromethane solutions containing Au,, 
clusters. The amount of cluster material absorbed (adsorbed) by 
the membranes depended on the size of the pores. Membranes 
with smaller pores absorbed substantially more clusters than did 
membranes with larger pores. This can be attributed to a surface 
effect, as smaller-pore membranes possess more inner surface 
area per membrane than those with larger pores, assuming that 
the porosity and membrane thickness were the same for both. 
Membranes filled in this way were subsequently heated to 
300 “C for a few hours. This procedure converted the Au,, clus- 
ters into colloids. A TEM micrograph of a transverse sample of 
a 20 V membrane (z 30 nm pore diameter), formed in 10 O h  w/w 
H,SO, and subsequently filled with Au,, clusters and heated, is 
shown in Figure 7. 


As indicated in Figure 7, the density of the gold colloids in- 
creased towards the solution side of the membrane. This density 
gradient was formed by thermal movement of smaller gold clus- 
ters and colloids inside the membrane during heat treatment; 
these metal particles moved towards the open side of the mem- 
brane while aggregating, and formed larger particles. Finally 
they reached a certain size and became trapped in a region close 
to the solution side (occupying approximately 350 nm of the 
overall thickness of 18 km). By means of this mechanism, a 
heavily filled region is formed which seems to be responsible for 
the unexpected bright scarlet transmission color (the mem- 
branes were back-lit with a tungsten light source). The color is 
shown in Figure 8, which was obtained with a binocular micro- 
scope at low power. 


Figure 7 .  TEM image of a transverse section of an alumina membrane formed at 
20 V with a pore diameter of ca. 30 nm, showing gold colloids formed in situ. The 
membrane was dipped into a solution of CH,CI, which contained Au,, clusters. and 
then heated at 300’.C to form the colloids. 


Figure 8. Photographic representation of the color of transmission of the colloidal 
alumina composite in Figure 7 ,  seen through a binocular microscope under low 
magnification. A tungsten bulb provided the means of back-lighting. 


A UV-visible spectrum of the red gold-alumina composite 
film is shown in Figure 9. The absorption maximum is at 
519.5k0.5 nm. The broadness of the peak is due in part to the 
distribution in particle size (10f 5 nm). As stated earlier, the 
particular shade of red of this composite was unexpected. If 
suspended in water, gold colloids of this particle size are known 
to absorb at ~ 5 2 5  nm, corresponding to a ruby-red color. 
Larger colloid suspensions are purplish to blue in color. There 
are several explanations for the apparent blue shift in absorp- 
tion. For example, the refractive index of the “effective medi- 
um” surrounding the gold nanoparticles can induce shifts in the 
position of maximum absorption. From Figure 10 (a higher- 
magnification image of Figure 7) it can be seen that the gold 
nanospheres are not surrounded completely by alumina. The 
net effect of such an environment is that the effective medium is 
also partly composed of air and has a refractive index somewhat 
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Figure 9. Visible spectrum of the gold colloid-alumina composite. The position of 
maximum absorption is at 519 nm. The broadness of the band is due to the distrihu- 
tion in particle size (1 0 i- 5 nm) 


less than that of pure alumina, causing a blue shift in absorp- 
tion. Secondly, from Figure 10 it can also be observed that sev- 
eral gold nanospheres are stacked on top of one another in the 
pore channel. Spheres arranged in a line in this fashion resemble 
a cylinder in terms of optical properties, and present a spectrum 
that is shifted relative to that of independent spheres. This is the 
Kappa shape and orientation effect.“ ‘I Both factors will be 
discussed more fully in a future paper. 


Figure 10. Higher-magnilicalion TEM of the image in Figure 7. It can be seen that 
the colloids are spherical and are not completely surrounded by alumina. The 
polydisperse distribution in particle size w n  B I S O  bc observed. 


Depending on the experimental procedure, it is also possible 
to form uniformly sized colloids within pore channels. There 
appeared to be a correlation between pore diameter and eventu- 
al colloid size. A TEM micrograph of colloids formed in mem- 
branes with larger pore diameters is shown in Figure 11. The 
diameter of the pores is 30 nm. The diameter of the colloids 


Figure 11. TEM imagc dcdl (>ids  formed in situ i n  pore chiinnels. Variation o f  the 
pore size and the conditions of formation permits colloids with :I \pccitic s i x  
distribution to be formcd. 


formed within the pores is 1 6 + 2  nm. Although some evidence 
of groupings of colloids resembling wires was secn, the forma- 
tion of wires by this method is not likely. However, formation 
of colloids of a specific size that are impossible to generate in 
aqueous media by standard chemical reduction processes is a 
likely prospect. 


Conclusions and Outlook 


Pore filling by electrophoresis shows promise as a means of 
fabricating a one-dimensional arrangement of Au,, clusters, a 
quantum wire. Application of the template method of synthesis 
makes possible the realization of a quantum wire that is sup- 
ported (and therefore useful). The porous alumina, besides be- 
ing an excellent inorganic insulator, is optically transparent and 
provides the necessary framework within which useful quantum 
wires can be fabricated. Since the template oxide is formed a s  a 
two-dimensional structure with nominal thickness, two-dimen- 
sional arrays of quantum wires are possible. However, perfect 
pore filling of the major part of a membrane requires a thickness 
in the range of only 100-200 nm. Pores of that length could be 
filled with chains of 25-50 4 n m  clusters, in contrast to the 
present case of pores that are microns long, in which thousands 
of clusters can be arranged without disturbances only with great 
difficulty. To be handled, membranes of 100-200 nm thickness 
need a support. Current experiments indicate that 100 200 nm 
aluminum films on conductive supports can be transformed into 
100-200 nm alumina membranes fixed to the support. Such 
devices promise a solution to the problem and should be avail- 
able in the near futurc. Dcvelopment of thc ncw ligand-stabi- 
lized species of Au,, has alleviated the problems associated with 
agglomeration and stability. Conductivity measurements and 
electronic tunneling processes for quantum wires can now be 
planned. As an interesting “by-product” the special conditions 
in the nanopores make gold colloids into novel sources of tem- 
perature-stable color centers in ceramics. 
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Experimental Procedure 


Porous membranes: Porous alumina films were formed according to well-cs- 
tahlished p r o c e d ~ r e s . ' ~ - ~ ~ " ~ ' ~ ~  Phtes of aluminum (ca. 99.5 %) and alu- 
minum foil of higher purity (>99.99%) were used as the anode material. 
Lead served as the cathode. The aluminum plate stock was electropolished in 
a solution consisting of 60% H,PO, and 40% v/v H,SO,. Approximately 
1 YO glycerol was added to thc solution. Polishing took place at  a temperature 
of ca. 80 "C for 10 min until a mirror finish was achieved. The potential 
applied during polishing was 10 V. The high-purity foil was used as received. 
Two types of electrolytes were used for the anodization, depending o n  the 
desired pore size. For pores larger than 30 nm in diameter, a 4% w/w oxalic 
acid solution was used. If smaller pores were needed, 10- 15 O/o wjw sulfuric 
acid was used as the anodizing electrolyte. 
Anodization of plate stock took place in a 10 L tank cooled to 0-10' C. 
Membranes were formed at  anodic potentials of 5-80 V. Anodization pro- 
ceeded for several hours; the time depended on the desired film thickness. 
After the conclusion of anodization, the plates with the newly formed alumi- 
na films were subjected to the process of voltage reduction so that the anodic 
film can eventually be detached from the parent aluminum metal sub- 
rtrate."5LThe voltage was reduced incrementally to  ca. 1 .O V. Each step lasted 
approximately 4 miii, to allow for current recovery. The plates were then 
removed from the anodizing solution and placed in a rooin-temperature acid 
detachment bath, which consisted of 25 %I H,PO, wjw. After approximately 
1 2 h the interfacial oxide layer formed during the voltage reduction step was 
dissolved. A membrane which possessed open and larger pores on one side 
(the solution side) and a network of small pores on the opposite face (the 
harrier side) was obtained. 


Foils were anodized at  5-10 V in an inverted cell ca. 2 cm in diameter in 10°/o 
w/w sulfuric acid chilled to 0 'C. The cell was cooled by means of a glass 
jacket through which coolant consisting of ethylene glycol-water (1 :1 v/v) 
was circulated. Only one side of the foil was anodized in this configuration. 
Anodimtion was performed for 10 min (creating a film of 100 nm thickness) 
or longer. N o  voltage reduction was needed for these films because they 
remained intact on the aluminum surface. 


Pore filling by vacuum induction: Membranes were placed harrier side down 
on the top of a thin tube with an opening of ca. 5 mm. A vacuum was applied 
through the tube by an aspirator or a vacuum pump. This induced unidirec- 
tional flow of air or fluid through the pore channels of the alumina. A 
solution of ligand-stabilized gold colloids (diameter 15 nm) was added drop- 
wise to the surface of the alumina membrane. Upon application of the aspira- 
tor, fluid in which the gold colloids were suspended was forced down the 
channels of the alumina. Because the barrier side contained pores with diame- 
ters smaller than 5 nm, the colloids were prevented from leaving the mem- 
brane; they would then accumulate in the pore channel and form a wire. 
Larger sections could be filled in a specially made fritted glass apparatus. 


Pore filling by electrophoresis: Electrophoretic pore filling was performed 
under an electric field strength ranging from 5 to 20Vcm-' .  From past 
experience, it was determined that Au,, clusters in CH,CI, stabilized with 
PPh, or T,-OSS ligands acquired a positivc charge. The aluminum foil was 
therefore made to act as  the cathode during the pore-filling process. Although 
the barrier layer remained intact, it was no problem to direct an electric field 
through the very thin oxide layer (a film formed at  5 V, for example. has a 
harrier layer of ca. 5 nm). An inverted cell similar to the one used during 
anodimtion was employed. 


G. Schmid et al. 


Pore filling by immersion and capillary action: This method was applied to 
pore filling with clusters. For light distributions of clusters in pores, mem- 
branes were floated on top of solutions containing clusters, which crept into 
the pore channels by capillary action. Heavy ingress of clusters could be 
attained by immersing the membrane in an appropriate cluster solution. 
Ligand-stabilized Au,, clusters in CH,CI, adhere strongly to the walls of 
the porous alumina. Depending on the initial concentration of clusters 
in solution, solutions would eventually become depleted of clusters and be- 
come lighter upon transmission. Membranes have been left in cluster soh- 
tions for short durations (a few hours) or for extended periods of time (two 
months). 


TEM and AFM sample preparation and analysis: Specimens for TEM analysis 
were prepared by one of two methods. In the first, specimens were embedded 
in Spurr's resin and sectioned with an ultramicrotome (Leica Ultracut). 
Transverse sections of cluster- and colloid-filled membranes were obtained in 
this way. Sections ranged in thickness from 5 nm to 150 nm. In another 
technique, planar sections of the porous alumina film were thinned by ion 
milling (GATAN Duo Mill 600). The gun voltage and gun current were 5 kV 
and 1 mi\ respectively. The sample was held at  13" and rotated at  10 rpm. Ion 
milling and TEM analysis of the ion-milled samples were accomplished with 
a JEM l0OC instrument operated at  100 kV. Images ofsections were acquired 
by JEM 2000 FX, Philips C M  120 BioTWlN Cryo, and Philips FEG CM 200 
microscopes. In addition, surface analysis by AFM used a Dimension 5000 
microscope (Digital Instruments). The samples were imaged with a silicon tip 
in tapping mode. 
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Total Synthesis of Oxazole- and Cyclopropane-Containing Epothilone A 
Analogues by the Olefin Metathesis Approach 


K. C. Nicolaou," Hans Vallberg, N. Paul King, Frank Roschangar, Yun He, 
Dionisios Vourloumis, and Christopher G. Nicolaou 


Abstract: For structure-activity relation- 
ship studies, two series of epothilone A (I) 
analogues have been designed and synthe- 
sized, one containing an oxazolc moiety 
instead of the thiazole heterocycle and the 
other containing a spirocyclopropane 
moiety in place of the gem-dimethyl group 
at position C-4 (4,4-ethano-epothilones). 
The olefin metathesis strategy in solution 


was utilized for the chemical synthesis of 
these compounds starting with key build- 
ing blocks 7-9 for the oxazole series 
(compounds 2,14-18,21-26) and build- 


Keywords 
epothilone oxazoles - cyclopropanes 
- metathesis * total synthesis 


Introduction 


Amongst the most exciting antitumor agents of recent times are 
the naturally occurring epothilones A (1) (Figure 1) and B." ~ 


Isolated['] from fermentation broths of myxobacteria So- 
rangiuin cellulosum strain 90 found in a soil sample originally 
collected from the banks of the Zambezi River in southern 
Africa, these substances exhibit potent antifungal and cytotoxic 
properties against a variety of cell lines." - 31 Of particular inter- 
est is their demonstrated ability to cause death in TaxolTM-resis- 
tant tumor cells and their Taxol-like mechanism of action, which 
involves tubulin assembIy and stabilization of micro tubule^.[^^ 
Following the disclosure of their stereostructure by spectro- 


15 \ N 
17 


1 0  
t<> 6 4 


0 OH 0 


3: 4,4-ethano-epothilone A 1 : X = S : epothilone A 
2: X = 0 : 20-oxa-epothilone A 


Figure 1. Structure and numbering of epothllone A (1) and analogues 2 and 3 
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ing blocks 8,30, and 31 for the 4,4-ethano 
series (compounds 3,39-43,46-51). The 
convergent strategy towards the designed 
epothilone A series involved a) an aldol 
condensation reaction, b) an esterifica- 
tion reaction, c) an olefin metathcsis 
reaction catalyzed by [RuCI,( =CHPh)- 
(PCy,),], and d) epoxidation of the 
macrocycle double bond. 


scopic and X-ray crystallographic techniques in 1996,''I numer- 
ous synthetic studiesC6] and several total syntheses of 
epothilones A ( l ) I 7 - l 1 ,  13] and B[Lo31z3 13] have been reported. 
In addition, several analogues of these compounds have already 
been synthesized and studied.'". ', '*- ''I In this article we wish 
to describe the details of the total synthesis of a series of 
epothilone A analogues, in which either the thiazole has been 
replaced by an oxazole moiety or the gem-dimethyl group 
has been substituted with a cyclopropane ring. Minimized 
structures of (12R,13S)-epothilone A (I), (12R,13S)-20-oxa- 
cpothilone A (2), and (12R,13S)-4,4-ethanoepothilone A (3) are 
shown in Figure 2. As expected, these modeling studies con- 
firmed the strong conformational similarities between 1 and 2, 
but revealed some differences with the 4,4-ethano analogue 3. It 
was, therefore, of interest to synthesize these and related com- 
pounds for biological investigations in order to establish struc- 
ture-activity relationships for drug design purposes. In the ac- 
companying article,[16] we describe an analogous series of 
epothilone B-related compounds. 


Results and Discussion 


The oxazole series of epothilone A analogues: Based on our orig- 
inal olefin metathesis approach to epothilones published in 
1996,16"] we undertook the synthesis of an oxazole series of 
epothilone A analogues, represented by structure 2, outlined 
retrosynthetically in Scheme 1. Thus, building blocks 8, 9, and 
10 were to be assembled and converted to the more advanced 
intermediates 6 and 7 by means of an aldol condensation and an 
asymmetric allylboration reaction, respectively. The latter com- 
pounds were then to be joined by an esterification and the cou- 
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olefin metathesis 
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allylbora tion 
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OH 


Figiirc 2. Computer-geiierated. minimized structures of (1 2R,l3S)-epothilone A 
( I .  top). (12R,13.~)-20-oxa-ei,orhilone A (2. center). and 4.4-ellinno-(12R,13S)- 
rpmliilone A (3. bottom). The cpolhilonc atoms are colored according to the fol- 
lowing codr:  carbon. grey; hydrogen, white: oxygen. red; nitrogen, blue; sulfur, 
ycllo\l 


pled product cyclized by an olefin metathesis reaction leading to 
olefinic precursor 4. Finally, deprotection and epoxidation of 4 
was expected to  give the desired target molecule 2. The expected 
lack of stereoselectivity a t  the aldol and olefin metathesis stages 
of the sequence was a desirable feature, since the immediate goal 
of our research program was to generate as diverse a library of 
compounds as possible for biological screening. 


Scheme 2 summarizes the construction of o l e h  metathesis 
precursors 5 and 12. Thus. condensation of aldehyde 8["' with 
the dianion of 9." 31 generated by thc action of 2.4 equiv of LDA 


o OTBS 


6 


a 
,o - 


8 
+ 


+COOH o OTBS 


7 


a 
10 


9 


Scheine 1 Retrosynthetic analysis o f  20-0x1-epothilone A analogue 2 


(for abbreviations, see legends in schemes) in THF at -40 -C, 
yielded aldols 6 and 11 in a ratio of approximately 5 :  3. Reaction 
of the known oxazole derivative lO"" with (+)-Ipc,B(allyl) in 
ether a t  - 100 T [ 1 8 ]  furnished allylic alcohol 7 in 92 % yield and 
2 95 9'0 ee (as determined by formation of the Mosher ester) .[''I 
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Scheme 2. Coupling of building blocks and construction of precursors 5 and 12. 
Reagents and conditions: a) 2.2 equiv of LDA, -40 "C, THF, 1.5 h, then 8 in THF, 
-40"C, 0.5 h (6:ll ca. 5 : 3 ) ;  b) 1.2equiv of (+)-Ipc,B(allyl), Et,O, -100'C. 
0.5 h, 92%;  c) 2.5 equiv of 7, 3.0 equiv of EDC, 0.1 equiv of 4-DMAP, CH,CI,, 
0+25'C, 12 h, 44% (5) plus 28% (12) for two steps. TBS = ml-butyldimethyl- 
silyl; Ipc = isopinocampheyl, LDA = lithium diisopropylamide; EDC = l-ethyl- 
(3-dimethylaminopropyl)-3-carbodiimide hydrochloride, 4-DMAP = 4-dimethyl- 
aminopyridine. 


Coupling of 7 with the mixture of 6 and 11, in the presence of 
EDC and 4-DMAP, followed by chromatographic separation 
furnished pure 5 (44% yield from 8 + 9) and 12 (28 YO yield from 


The olefin metathesis of 5 (Scheme 3) was facilitated by [Ru- 
CI,(=CHPh)(PCy,),] catalyst (Cy = cyclohexy1)[20-221 and led 
to a mixture of cis and trans cyclic olefins. Chromatographic 
purification furnished pure compounds 4 (40% yield) and 13 
(32 % yield), which were processed separately. Thus, exposure 
of 4 to 20% TFA in CH,Cl, at ambient temperature gave diol 
14 (89 Yo yield), and similar treatment of 13 furnished 15 (95 YO 
yield). Reaction of 14 with methylperoxycarboximidic acid 
[CH,C(=NH)OOH, prepared in situ from acetonitrile and 35 YO 
aq. H,O, in the presence of KHC0,]['31 resulted in the forma- 
tion of epoxide 2 (52Y0 yield based on ca. 50% conversion) 
along with a trace amount of 16 (ratio of 2:16>20:1 by 
'H  NMR), whereas similar reaction of 15 led to 17 (17% yield) 
and 18 (24 % yield) (based on ca. 50 % conversion) .[241 These 
epoxides were purified by preparative thin-layer chromatogra- 
phy, and their stereochemistry was assigned by comparison of 
their NMR spectra with the original epothilone A series, the 
stereochemistry of which was determined by 'H- 'H NOESY 
and 'H- 'H COSY experiments and molecular modeling," 'I 
and in accordance with the higher potencies of 2 and 17 in 
tubulin polymerization experiments as compared to those of 16 
and 18, respectively.r251 However, it must be emphasized that 
these stereochemical assignments are tentative, requiring fur- 
ther experimental evidence. It is worth noting that application 
of these epoxidation conditions to the actual epothilone A (1) 
olefinic precursor resulted in improved diastereoselectivity (ca. 
13 : 1 in favor of the desired isomer, 65 % combined yield based 
on ca. 75% conversion) over our previously reported meth- 
ods." 'I 


8+9).  


5 


l a  
1- 


HO 


0 OR 0 
4 :R=TBS bC 14: R = H 
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+ 
17 
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16 18 


Scheme 3. Olefin metathesis of precursor 5 and synthesis of 20-oxa-epothilone A 
analogues 2, 16-18. Reagents and conditions: a )  20mol% of [RuCl,- 
(=CHPh)(PCy,),], CH,CI,, 2 5 ° C  16 h,  40% (4) plus 32% (13) ; b) 20% T t A  in 


MeOH, 25"C, 52% (2) plus trace of 16; 17% (17) plus 24% (18) (all yields based 
on ca. 50% conversion). TFA = trifluoroacetic acid. The tentative stereochemical 
assignments of epoxides 2 and 17 were based on N M R  comparisons with members 
of the natural epothilone A series as well as the higher potencies of2 and 17 in the 
tubnlin polymerization assay as compared to those of 16 and 18, respectively. 


CH,CI,, 25"C, 2 h ,  89% (14), 9 5 %  (15); C) 35% H,O,, CH3CN, KHCO,, 


Processing of the (6S,7R) diastereomeric aldol product 12 in 
the same way as described above for 5, led to the oxazole-con- 
taining epothilone A analogues 19-26, as summarized in 
Scheme 4. The tentative stereochemical assignments of epoxides 
23- 26 were based on NMR correlations to the corresponding 
epothilone A analogues. 


The 4,4-ethano series of epothilone A analogues: Following the 
same retrosynthetic rationale as the one outlined above for the 
oxazole analogues, the 4,4-ethano-epothilone A was analyzed 
as shown in Scheme 5.  This time, the analysis led to building 
blocks 30, 8, and 31. Compound 31 was further broken down 
into p-ketoester 34 via intermediates 32 and 33. 


We began with the synthesis of cyclopropylketoacid 31 
(Scheme 6). Thus, reaction of 1,2-dibromoethane with ethyl 
propionylacetate (34) in the presence of K,CQ, at ambient tem- 
perature resulted in the formation of cyclopropylketoester 35 
(60% yield).[26] Reduction of the ester and keto groups with 
LiAlH, (93 YO yield) followed by Swern oxidation of the result- 
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Scheme 4. Olefin metathesis of C G C 7  diastereomeric precursor 12 and synthesis 
of 20-oxa-rpothilone A anelogues 23-26. Reagents and conditions: a) 20 mol% 


b) 20% TFA in CH,CI,, 25°C. 2 11, 75% (21). 72% (22): c) 35% H,O,, CH,CN. 
KHCO,, MeOH, 25'C, 24% (23 or 24) plus 9 %  (24 or 23). 15% (25 or 26) plus 
19% (26 or 25). 


of [RUCI~[=CHP~)(PCY,)~] ,  CH2C12, ?S'C, 20h, 2 5 %  (19) PIUS 63% (20): 


ing diol [(COCI),; DMSO; Et,N] furnished ketoaldehyde 33 in 
64% yield. Chemo- and stereoselective addition of (+)- 
Ipc,B(allyl)['sl to aldehyde 33 (> 85 % ee by Mosher ester anal- 
ysis) ,'' '] followed by silylation (TBSOTf; 2,6-lutidine) of the 
generated secondary alcohol, gave silyl ether 32. Finally, cleav- 
age of the terminal olefin in 32 with NaIO, in the presence of 
catalytic amounts of RuCI;H,O in MeCN/H,O/CCl, (2: 3:2) 
at 25 c'C[271 yielded the desired ketoacid 31 in 43 YO overall yield 
from cyclopropylketoaldehyde 33. 


The dianion of ketoacid 31 (LDA in THF at - 30 "C) reacted 
with aldehyde 8 to form aldols 29 and 36 in a ratio of approxi- 
mately 2 :  3 (determined by 'H NMR) (Scheme 7). The coupling 
of the mixture of 29 and 36 with fragment 30[l3] was facilitated 
by EDC and 4-DMAP, and the resulting hydroxyesters were 
chromatographically separated to afford pure 28 (15 YO) and 37 
(36%). 


Ring closure of advanced intermediate 28 and epoxidation of 
the desilylated cyclic diols are shown in Scheme 8. Thus, stirring 
of 28 with [RuCl,(=CHPh)(PCy,),] catalyst in CH,CI, at  25 "C 
followed by chromatographic separation (silica gel, preparative 
thin layer) furnished cis and trans olefins 27 (37% yield) and 38 
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Scheme 5. Retrosynthetic analysis of 4,4-ethano-epothilone A analogue 3. 


CHO 
Af-y O E t A  


0 0  0 0 0  
34 35 33 


31 32 


Scheme 6. Synthesis of ketoacid 31. Reagents and conditions: a) 1 3 equiv of 
BrCH,CH,Br, 3.0equiv of K,CO,, DMF, 25'C, 15h, 60%; b) 2.0equiv of 
LIAIH,, Et,O, -20+OeC,2 .5h ,93%;c)  4 .0equivofDMS0,  3.0equivof(CO- 
C1)2, 8.0equiv of Et,N, CH,CI,, -78-02C,  64%; d) 1.lequiv of (+)- 
Ipc,B(allyl), Et,O, - 100 " C ;  e) 3.8 equiv of TBSOTf, 4.6 equiv of 2,6-lutidine, 
CH,CI,, -7X'C; f )  4.1 equiv of NaIO,, 0.05equiv of RuCI,.H,O, 
MeCN:H,O:CC1,(2:3:2), 2 5 ° C  43% for threesteps. DMSO = dimethylsulfox- 
ide; TBS = rert-butyldimethylsilyl: Ipc = isopinocampheyl. 


(35 YO yield), respectively. The corresponding diols 39 (65% 
yield) and 40 (62% yield) were obtained by treating the respec- 
tive silyl ethers with 25% HF'pyridine in THF at ambient 
temperature. Finally, epoxidation of 39 with methyl(trifluor0- 
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Scheme 7. Coupling of building blocks and construction of advanced intermediates 
28 and 37. Reagents and conditions: a) 2.4 equiv of LDA, - 30 "C, THF, 2 h, then 
8 in THF, -3O"C, 0.5 h, (29:36 ca. 2:3); c) 2.5 equiv of 30, 1.2 equiv of EDC, 
0.1 equivof4-DMAP,CH2C1,,0-125"C,2 h, 15% (28)plus36%0 (37)fortwosteps. 
TBS = tert-butyldimethylsilyl; LDA = lithium diisopropylamide; EDC = l-ethyl- 
(3-dimethylaminopropyl)-3-carbodiimide hydrochloride ; 4-DMAP = 4-dimethyl- 
aminopyridine. 
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Scheme 8. Olefin metathesis of diene 28 and synthesis of 4,4-ethano-epothilone A 
analogues 3 and 41-43. Reagents and conditions: a) 10 mol% of [RuCI,(=CHPh)- 
(PCy,),], CH,CI,, 25°C. 2 h, 37% (27) plus 35% (38); b) 25% HF.Py in THF, 
0+25"C,  28h, 65% (39), 62% (40); c) CH,CI,:CH,CN:Na,EDTA (1:2:1.5), 
50 equiv of CF,COCH,, 11 equiv of NaHCO,, 7.0 equiv of OxoneR, 0 "C, 50 YO (3 
or 41) plus 29% (41 or 3); 11 % (42 or 43) plus 31 % (43 or 42). 


methyl)dioxiranei". **I gave epoxides 3 and 41 (stereo- 
chemistries not assigned, 50 and 29 % yields), whereas similar 
treatment of 40 furnished 42 and 43 (stereochemistries not as- 
signed, 11 and 31 % yields). 


The other aldol product, compound 37, was processed in a 
similar way as described above for 28, furnishing the 4,4-ethano- 
epothilone A analogues 46-51 as shown in Scheme 9. Again, 
the stereochemical details of these compounds remain unas- 
signed. 
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Scheme9. Olefin metathesis of C6-C7 diastereomeric diene 37 and synthesis of 
4,4-ethano-epothilone A analogues 48-51. Reagents and conditions: a) 9 mol% of 


b) 25% HF.Py in THF, 0 +25"C, 22 h, 54% (46). 76% (47); 
c) CH,CI,:CH,CN:Na,EDTA(4:4:1), 50 equivofCF,COCH,, 16 equivofNaH- 
CO,, 10 equiv of Oxone", O T ,  39% (48 or 49) plus 35 % (49 or 48); 22% (SO or 
51) plus 27% (51 or 50). 


[RuCI,(=CHP~)(PCY,)J, CHZCI,, 25"C, 1 h, 18% (44) PIUS 58% (45); 


Conclusion 


Applying the olefin metathesis approach to epothilones, we 
have synthesized a series of oxazole- and cyclopropane-contain- 
ing epothilone A analogues. These compounds considerably en- 
rich the known epothilone libraries in terms of molecular diver- 
sity and numbers. Biological investigations with these analogues 
established i 2 5 1  useful structure-activity relationships within 
this important class of compounds. Interestingly, while the oxa- 
zole series of compounds exhibited comparable tubulin poly- 
merization activity and cytotoxicity to the corresponding thia- 
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zole series, the 4,4-ethano-epothilones proved inactive.[251 These 
results underscore the importance of conformational precision 
in these compounds for biological action. In the accompanying 
article[161 we describe the design and chemical synthesis of a 
corresponding series of epothilone B analogues with oxazole 
and cyclopropyl moieties utilizing the macrolactonization ap- 
proach 


Experimental Section 


General Techniques: All reactions were carried out under an argon atmo- 
sphere with dry, freshly distilled solvents under anhydrous conditions, unless 
otherwise noted. Tetrahydrofuran (THF),  toluene, and diethyl ether (ether) 
were distilled fi-om sodium benzophenone. and methylene chloride (CH,Cl,) 
from calcium hydride. Anhydrous solvents were also obtained by passing 
them through commercially available alumina column. Yields refer to chro- 
matographically and spectroscopically ( I  H NMR) homogeneous materials, 
unless otherwise stated. Reagents were purchased at highest commercial qual- 
ity and used without further purification unless otherwise stated. Reactions 
were monitored by thin-layer chromatography carried out on 0.25 mm E. 
Merck silica gel plates (60F-254) using UV light as visualizing agent and 7 %  
ethanolic phosphomolybdic acid or p-anisaldehyde solution and heat as de- 
vcloping agents. E. Merck silica gel (60, particle size 0.040 0.063 nim) was 
used for llash column chromatography. Preparative thin-layer chromatogra- 
phy (PTLC) separations were carried out on 0.25, 0.50, or I mm E. Merck 
silica gel plates (60F-254). NMR spectra were recorded on  Bruker DRX-600, 
AMX-500, AMX-400. or AC-250 instruments and calibrated with residual 
undeuterated solvent as an internal reference. The following abbreviations 
were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, 
q = quartet. m = multiplet, br = broad. IR spectra were recorded on a 
Perkin-Elmer 1600 series FT-IR spectrometer. Optical rotations were record- 
ed on a Perkin-Elmer 241 polarimeter. High-resolution mass spectra (HRMS) 
were recorded on a VG ZAB-ZSE mass spectrometer under fast atom bom- 
bardment (FAB) conditions with NBA as the matrix. Melting points (m.p.) 
are uncorrectcd and were recorded on a Thomas Hoover Unimelt capillary 
melting point apparatus. 


Hydroxyacids 6 and 11-aldol condensation of acid 9 with aldehyde 8: A 
solution of kctoacid 9 (1.131 g, 3.75mmo1, 1.0equiv) in T H F  (30mL) was 
added dropwise at - 78 'C to a freshly prepared solution of LDA [formed by 
addition ofr?BuLi (5.27 mL, 1 . 6 ~  solution in hexanes, 8.44 minol, 2.25 equiv) 
to a solution of diisopropylamine (1.16 mL, 8.25 mmol, 2.2 equiv) in T H F  
(30 mL) at - 10 "C and stirring for 30 min]. After stirring at the same temper- 
ature for 15 mm, the reaction mixture was allowed to warm to -30 'C  and 
stirred at that temperature for 1.5 h. The reaction mixture was cooled back 
to -78' C and a solution of aldehyde 8 (0.757 g, 6.00 mmol, 1.6 equiv) in 
T H F  (1 5 mL) was added through a cannula. The resulting mixture was stirred 
for 15 min at -78 -C, then warmed to -40 "C and stirred for 1 h. cooled to 
-78 'C ,  and quenched by slow addition of saturated aqueous NH,CI 
(50 mL) solution. The reaction mixture was warmed to 0 'C, and a solution 
of aqueous 4x  HCI (1.9 mL, 7.50 mmol, 2.0 equiv) was added, followed by 
harming to 25°C. Then the pH was adjustcd to - 2  3 by dropwise addition 
of aqueous 4~ HCI. Extractions with EtOAc (6 x 25 mL). filtration through 
a short plug of silica gel, and concentration afforded. in high yield, a mixture 
of aldol products 6 and 11 along with unreacted starting acid 9 in a 56:36: 8 
ratio ( 'H NMR).  This crude material was used without further purification. 
R, = 0.20 (silica gel, 50% EtOAc in hexanes); 'H NMR (500 MHL CDCI,; 
only signals for 6 and 11 are reported): 6 = 5.88-5.73 (m, 1H.  
CHICH=CH,), 5.04-4.92 (m, 2H,  CH,CH=CH,), 4.51 -4.47 (m, 0.4H, 
CHOTBS). 4.44-4.40 (m, 0.6H, (CH,),CCH(OTBS)). 3.42 (d, J = 8.0 Ha, 
0.4H, CHOH(CHCH,)), 3.32 (d, .I = 9.0 Hz, 0.6H, CHOH(CHCH,)), 
3.30 -3.20 (m. 1 H,  CH,CH(C=O), 2.51 ~ 2.45 (m, 1 H ,  CH,COOH). 2.38 
(dd. J=16 .5 ,  6 . 5 H ~ .  0.4H, CH,COOH), 2.35 (dd, .1=16.5. 6.5Hz, 0.6H, 
CHICOOH), 2.11-1.98 (ni, 2H).  1.80-1.21 (m, 5H) ,  1.20 (s, 1.8H, 
C(C'H3)Z). 1.19 (s. 1.2H. C(CH,),), 1.16 (s, 1.8H, C(CH,),), 1.14 (s, 1.2H, 
C(CH,),), 1.06 (d, J = 6.5 Hz, 1 .2H),  1.05 (d, J =  6.5 Hz, 1.8H), 1.00 (d, 
.I = 6.5 Hz, 1.2H). 0.89 (s, 5.4H, SiC(CH,),(CH,),), 0.87 (s, 3.6H, 
SiC(CH,),(CH,),), 0.85 (d. J = 7 . 0 H z 3  1.8H),  0.11 (s, 1.8H. 
SiC(CH,),(CH,),). 0.09 (s, 1.2H. SiC(CH,),(CH,),). 0.08 (s, 1 2 H ,  


SiC(CH,),(CH,),), 0.07 (s, 1.8 H ,  SIC(CH,),(CH,),); HRMS (FAB): calcd 
for C,,H,,NaO,Si ( M  + N a + )  451.2856, found 451.2867. 


Alcohol 7-allylboration of aldehyde 10: Aldehyde 10 (24.6 g, 163 mmol) was 
dissolved in anhydrous ether (550 mL, 0.3 M) and the solution was cooled to 
- 100 "C. (+)-Allyldiisopinocampheylborane (0.15 M in pentane; 1.3 L, 
196 mmol, 1.2 equiv; prepared from (-)-Ipc,BOMe and 1.0 equiv of allyl- 
magnesium bromide) was added dropwise under vigorous stirring, and the 
reaction mixture was allowed to stir for 1 h at the same temperature. 
Methanol was added at -100"C, and the reaction mixture was allowed to 
warm to room temperature. Amino ethanol (50 mL, 0.81 mol. 5.0 equiv) was 
added, and stirring was continued for 15 h. The workup procedure was 
completed by the addition of saturated aqueous NH,CI solution, extraction 
with EtOAc and drying of the combined organic layers with MgSO,. Filtra- 
tion, followed by evaporation of the solvents under reduced pressure and 
flash column chromatography (silica gel, 35% ether in hexanes until all the 
boron complexes were removed; then 70 % ether in hexanes) provided alcohol 
7 (28.8 g, 92%).  R ,  = 0.41 (silica gel, 33% EtOAc in hexanes); 
[%]A' = -- 22.2 (c  =1.10, CHCI,); IR  (film): = 3342. 2977. 2930, 2858, 
1584, 1107 cm- ' ;  ' H N M R  (500 MHz, CDC1,): 6 =7.48 (s. 1 H. ArH), 6.30 
(s, 1 H, ArCH=CCH,), 5.84-5.76 (m, 1 H,  CH,CH=CH,), 5.17-5.12 (m. 
2H,  CH2CH=CH,). 4.21 (dd, J = 7 . 5 ,  5.0 Hz, 1 H. CHOH)), 2.46 (s. 3H,  
CH,Ar). 2.46-2.31 (m. 2H,  CH,CH=CH,), 1.94 (s, 3H,  ArCH=CCff,): 
',C NMR (125.7 MHz, CDC1,): 6 =160.7, 141.3, 137.8, 135.3, 134.5, 117.8. 
115.2,76.1,39.9,14.6,13.7;HRMS(FAB):calcdforC,,H,,NO,(M+ H') 
194.1181, found 194.1186. 


Esters 5 and 12-EDC coupling of alcohol 7 with the mixture of ketoacids 6 and 
11: A solution of ketoacids 6 and 11 (981 mg, 2.30 mmol. 1.0equiv). 4- 
(dimethy1amino)pyridine (4-DMAP, 28 mg, 0.23 mniol. 0.1 equiv), and alco- 
hol 7 (1.11 g, 5.74mmo1, 2.5 equiv) in CH,CI, (1.2 mL, 2 ~ )  was cooled to 
0 ' C and then treated with l-ethyl-(3-dimethylaminopropyl)-3-carbodiimidc 
hydrochloride (EDC, 1.32 g, 6.90 mmol, 3.0 equiv). The reaction mixture was 
stirred at 0 "C Tor 2 h and then at 25 ' C for 12 h. The solution was concentrat- 
ed to dryness in vacuo, and the residue was taken up in EtOAc (10 mL) and 
water (10 mL). The organic layer was separated, washed with saturated 
NH,C1 solution (10 mL) and water (10 mL), and dried (MgSO,). Evapora- 
tion of the solvents followed by flash column chromatography (silica gel, 
15 % EtOAc in hcxanes) resulted in the isolation of the pure hydroxyesters 5 
(0.608 g. 44% from ketoacid 9) and 12 (0.387g, 28% from ketoacid 9). 
5 :  R, = 0.70 (silica gel. 50% EtOAc in hexanes); [z]? = - 36.6 (c = 1.31. 
CHC1,); IR (film): Gmz,x = 3508. 2945, 2857, 1737, 1685, 1587, 1095 cm- I ;  
' H N M R  (500 MHz, CDCI,): 6 =7.43 (s. 1 H. ArH), 6.21 (s. I H ,  
ArCH=CCH,). 5.80-5.72 (m, l H ,  CH,CH=CH,), 5.70-5.62 (m. I H ,  
CH,CH=CH,), 5.25 (dd, .I =7.0,6.5 Hz, 1 H. CO,CH), 5.06 (d, J = 17.0 Hz, 
1 H, CH,CH=CH,), 5.01 (d, J=10.0Hz.  I H ,  CH,CH=CH,), 4.95 (d, 
J=17.0Hz,1H,CH,CH=CH,),4.88(d,J=10.5Hz,1H,CH2CH=CH,), 
4.37 (dd, .I = 6.0, 3.5 Hz, I H, (CH,),CCH(OTBS)), 3.44 (s, 1 H, CHO- 
H(CHCH,)), 3.27-.-3.22 (m, 2H. CH,CH(C=O) and CHOH(CHCH,)), 
2.45-2.38 (m, 3H) ,  2.40 (s, 3H,  CH,Ar). 2.29 (dd, J = l 7 . 5 .  6.0Hz, 1H.  
CHICOO), 2.02-1.90 (m, 2H,  CH,CH=CH,), 1.91 (s, 3H,  ArCH=CCH,). 
1.74-1.67 (m, I H ) ,  1.52-1.36 (m, 2H) ,  1.29-0.95 (m, 2H). 1.16 (s. 3H. 
C(CH,),), 1.07 (s, 3H, C(CH,),), 1.00 (d, J = 7 . 0  Hz, 3H.  CH,CH(C=O)). 
0.85 (s, 9 H ,  SiC(CH,),(CH,),), 0.79 (d. J =7.0 Hz. 3 H, CH,CHCH,), 0.08 
(s, 3H. SiC(CH,),(CH,),), 0.02 (s, 3H,  SiC(CH,),(CH,),); I3C NMR 
(125.7 MHz, CDCI,): 6 = 221.7, 170.8, 160.7, 139.0. 137.5, 136.3, 135.8, 
133.1, 117.8, 117.3, 114.1, 78.4, 74.5. 73.3, 53.8, 41.2, 40.1, 37.4, 35.4. 34.1. 
32.3, 26.0, 25.9, 21.9, 19.8, 18.1, 15.2, 14.8, 13.7. 9.7, -4.4, -4.9; HRMS 
(FAB): calcd for C,,H,,CsNO,Si ( M  + Cs+) 736.3010. found 736.3036. 
12: R,  = 0.63 (silica gel, 50% EtOAc in hexanes); [XI;, = -1 1.0 (c = 0.77, 
CHCI,); IR (film): I;,,, = 3501, 2931, 2872, 1738, 1692, 1587. 1 0 9 0 c i n ~ ' ;  
' H N M R  (500 MHz, CDCI,): b =7.44 (s, I H .  ArH). 6.21 (s. 1H. 
ArCH=CCH,), 5.81-5.72 (m. 1 H,  CH,CH=CH,), 5.71 -5.62 (m, 1 H,  
CH,CH=CH,),5.28(dd,J=7.0,7.0Hz,1H,CO2CH),5.06(d.J=17.5Hz, 
1 H,  CH,CH=CH,), 5.01 (d, J =11.5 Hz, 1 H, CH,CH=CH,), 4.98 (d. 
J = 17.0 Ilz, 1 H. CH,CH=CH,). 4.92 (d, J = 10.0 Hz, 1 H. CH,CH=CfI,). 
4.46 (dd. J =  6.0, 4.0 Hz. 1 H, (CH,),CCH(OTBS)). 3.44-3.38 (m. 2H: 
CHOH(CHCH,) and CHOH(CHCH,)), 3.19 (qd, J =7.0, 1.5 Hz, 1H.  
CH,CH(C=O)),2.48--2.39(m,3H),2.40(~,3H.CH,Ar),2.33(dd,J=17.0, 
6.0Hz, I H ,  CH,COO), 2.06-1.92 (m, 2H) ,  1.92 (s, 3H,  ArCH=CCH,), 
1.51 0.95 (m, SH),  1.12 (s, 3H,  C(CH,),), 1.08 (s, 3H,  C(CH,),), 0.99 (d, 
.1=7.0Hz,3H,CH,CH(C=O)),0.96(d,J=7.0Hz,3H,CH3CHCH,),0.83 
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(s, 9H,  SiC(CH,),(CH,),), 0.05 (s, 3H,  SiC(CH,),(CH,),), 0.03 (s, 3H,  
SiC(CH,),(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 = 220.7,170.9, 160.7, 
138.6. 137.6, 136.4, 135.8, 133.1, 117.8, 117.3, 114.5, 78.4. 74.8, 72.5, 53.9, 
41.4, 40.1, 37.4, 35.3, 33.8, 32.1, 26.0, 25.9, 21.7, 19.6, 18.1, 15.4, 14.8. 13.7, 
10.6, -4.4, -4.8; HRMS (FAB): calcd for C,,H,,CsNO,Si ( M  + Cs') 
736.3010, found 736.3035. 


Hydroxylactones 4 and 13--cyclization of diene 5 by olefin metathesis: To a 
solution of diene 5 (145 mg, 0.24 mmol) in CH,Cl, (240 mL, 0.001 M) was 
added [RuCl,(=CHPh)(PCy,),] (40 mg, 0.048 mol, 0.2 equiv), and the reac- 
tion mixture was allowed to stir at 25 'C for 16 h. After completion of the 
reaction (established by TLC), the solvent was removed under reduced pres- 
sure, and the crude products were purified by flash chromatography (silica 
gel, 20 %n EtOAc in hexanes) to give cis-hydroxylactone 4 ( 5 5  mg, 40 %) and 
trans-hydroxylactone 13 (44 mg, 32%). 
4:  R, = 0.19 (silica gel, 30% EtOAc in hexanes); [K];' = - 37.5 (c =1.41, 
CHCI,); IR (film): i.,,,, = 3449, 2930, 2857, 1741, 1694, 1585, 1099, 
733 cm-'; 'H NMR (500 MHz, CDCI,): 6 =7.47 (s, 1 H, ArH), 6.27 (s, 1 H,  
ArCH=CCH,), 5.44 (ddd, J=10.5,  10.5, 2.5Hz, l H ,  CH=CHCH,), 5.33 
(ddd,J=10.5,  10.5, 5.0H2, I H ,  CH=CHCH,), 5 .00(d ,J=10.5Hz,  I H ,  
CO,CH), 4.04 (t, .I = 6.5 Hz, 1 H, (CH,),CCH(OTBS)), 3.92 (brs, 1 H, 
CHOH(CHCH,)), 3.05-3.01 (m, 2H,  CH,CH(C=O) and CHO- 
H(CHCH,)), 2.78 (d, J =  6.5 Hz, 2H. CH,COO), 2.68 (ddd, J=14.0 ,  10.5, 
10.5Hz,1H,CH=CHCH2),2.44(s,3H,CH,Ar),2.36-2.29(m,1H),2.06 
(dd,J=14.5,5.0Hz, lH,CH=CHCH,) ,  1.98(s,3H,ArCH=CCH3), 1.98- 
1.91 (m, I H ) ,  1.78-1.73 (m, I H ) ,  1.66-1.59 (m, I H ) ,  1.48-1.41 (m, I H ) ,  
1.28-1.13 (m, 2H), 1.16 (s. 6H, C(CH,),), 1.12 (d, 3H, J = 6 . 5 H z ,  


SiC(CH,),(CH,),). 0.10 (s, 3H,  SiC(CH,),(CH,),), -0.07 (a 3H,  
SiC(CH,),(CH,),); I3C NMR(150.9 MHz, CDCI,): S = 218.0, 170.9. 160.8, 
138.0, 137.6, 135.7, 134.7, 123.9, 115.8, 78.7, 76.3, 73.2, 53.5,43.0, 39.0, 38.8, 
33.5, 31.9,28.4,27.8,26.1,24.8,22.9, 18.6, 16.5, 15.5,14.1, 13.8, -3.6, - 5 . 5 ;  
HRMS (FAB): calcd for C,,H,,CsNO,Si ( M  + Cs+) 708.2697, found 
708.2732. 
13: R, = 0.46 (silica gel, 30% EtOAc in hexanes); [a];' = - 40.0 (c = 0.67, 
CHCI,); IR (film): C,,, = 3465, 2932, 2873, 1741, 1693, 1586, 1096, 
835 cm-I; 'HNMR (500 MHz, CDCI,): S =7.51 (s. 1 H, ArH), 6.33 (s, 1 H, 
ArCH=CCH,), 5.35 (ddd, J=14.5, 7.0, 7.0Hz, I H ,  CH=CHCH,), 5.24 
(ddd,J=14.5,7.0,7.0H~.1H,CII~CHCH,),5.17(dd,J=6.5,3.5Hz,1H, 
CO,CH), 4.41 (dd, J = 8.0,3.5 Hz, 1 H, (CH,),CCH(OTBS)). 3.85 (brs, 1 H, 
CHOH(CHCH,)), 3.38 (brs, 1 H, CHOH(CHCH,)), 3.18 (qd, J =7.0, 
5.5Hz, 1H,CH,CH(C=O)),2.65(dd,J=15.5,8.0Hz,1H,CH2COO),2.60 
(dd,J=15.5,  3.5H2, l H ,  CH2COO),2.54(ddd, J=14.5, 7.0, 3.5Hz, I H ,  
CH=CHCH,),2.46-2.41(m,IH),2.44(s,3H,CH,Ar),2.37(ddd,J=14.5, 
7.0, 7.0Hz, I H ,  CH=CHCH,), 2.19-2.11 (m, I H ) ,  1.96 (s, 3H, 
CH,C=CH), 1.67-1.52 (m, 2H),  1.45 (dddd, J=13.0,  13.0, 3.5, 3.5 Hz, 
l H ) ,  1.31-0.99 (m. 2H),  1.22 (d, 3H, J = 7 . 0 H z ,  CH,CH(C=O)), 1.14 (s, 
3H,  C(CH,),), 1.09 (s, 3H, C(CH,),), 1.02 (d, 3H, J = 7 . 0  Hz, 
CH,CHCH,), 0.84 (s, 9H,  SiC(CH,),(CH,),), 0.08 (s, 3H,  
SiC(CH,),(CH,),), -0.01 (s, 3 H, SiC(CH,),(CH,),); " C  NMR 
(125.7 MHz, CDC1,): b = 218.3, 170.1, 160.9, 137.5, 136.3, 135.2, 134.6, 
125.0, 115.8, 77.1, 75.1, 74.1, 54.0,43.6,40.7, 38.4, 35.3, 32.9. 30.9, 26.8, 26.1, 
23.2, 21.8, 18.4, 16.8, 16.2. 14.6, 13.7, -3.9, -4.5; HRMS (FAB): calcd for 
C,,H,,NO,Si ( M  + H i )  576.3720, found 576.3735. 


cis-Dihydroxylactone 14-4esilylation of compound 4 :  Silyl ether 4 (55 mg, 
0.096 mmol) was treated with a freshly prepared solution of 20% (v/v) tri- 
fluoroacetic acid (TFA)/CH,CI, (9.6 mL, 0.01 M) at 0 "C. The reaction mix- 
ture was stirred at 0 "C for 30 min (completion of the reaction by TLC), and 
the solvents were evaporated under reduced pressure. The crude reaction 
mixture was purified by flash column chromatography (silica gel, ether) to 
obtain cis-dihydroxylactone 14 (39 mg, 89%). R, = 0.21 (silica gel, 50% 
EtOAc in hexanes); [K];' = - 46.5 (c = 0.71, CHCI,); IR (thin film): 
CmaX = 3406, 2930, 1733, 1686, 1584, 1251, 733 cm-'; 'HNMR (500 MHz, 
CDCI,): 6 =7.47 (s, I H ,  ArH), 6.31 (s, 1 H, ArCH=C(CH,)), 5.43 (ddd, 


CH,CH(C=O)), 1.00 (d, 3H, J=7.0Hz,  CH,CHCH,). 0.81 (s, OH, 


J=10.5, 10.5,4.0Hz, lH,CH=CHCH,) ,  5.36(ddd,J=10.5, 10.5,4.5Hz, 
~H,CH=CHCH,),~.~~(~,J=~.~HZ,~H,CO,CH),~.~~(~,J=~~.~H~, 
l H ,  (CH,),CCH(OH)), 3.72 (m, 1 H, CHOH(CHCH,)), 3.11 (qd, J=7 .0 ,  
2.5Hz, l H ,  CH,CH(C=O)), 3.02(brs. 2H,  OH),2.66(ddd,J=15.0, 10.0, 
10.0H2, I H ,  CH=CHCH,), 2.50 (dd, J=15.5,  11.0Hz, I H ,  CH,COO), 
2.43 (s, 3H, CH,Ar), 2.38 (dd, J=15.5, 2.5Hz, I H ,  CH,COO). 2.26-2.13 
(m, 2H),  2.07-1.98 (m, l H ) ,  1.98 (s, 3H, ArCH=CCH,), 1.80-1.60 (m, 


2H), 1.37-1.13 (m. 3H) ,  1.31 (s, 3H,  C(CH,),), 1.17 (d. J = 7 . 0 H z ,  3H, 
CH,CH(C=O)), 1.07 (s, 3H, C(CH,),), 0.98 (d, J =7.0 Hz. 3H, 
CH,CHCH,); I3C NMR (125.7 MHz, CDC1,): 6 = 220.3. 170.3, 160.9. 
137.8, 137.4, 135.6, 133.5. 124.8. 115.9, 78.3, 74.2, 72.6, 53.0.42.0, 39.0. 38.5, 
32.4, 31.6. 27.6, 27.5, 22.5, 19.3, 15.9, 15.6. 13.8. 13.7; HRMS (FAB): calcd 
for C,,H,,NO, ( M  + Hi)  462.2856, found 462.2844. 


trans-Dihydroxylactone 1Wesilylation of compound 13: Silpl ether 13 
(27 mg, 0.047 mmol) was treated with a freshly prepared solution of 20°% 
( r / v )  trifluoroacetic acid (TFA)/CH,Cl, (4.7 mL, 0.01 M) at 0 "C for 40 min, 
according to the procedure described for ci.7-dihydroxylactone 14. to yield. 
after flash column chromatography (silica gel. 50 % EtOAc in hexancs), 
trons-dihydroxyester 15 (29 mg, 95%). R, = 0.22 (silica gel. ether); [ r ] i Z  = 
- 37.9 (c = 0.70, CHCI,); IR (film): C,,,8,x = 3400, 2933, 1733. 1688. 1583, 
1466, 1251,756cm-'; 'HNMR (500 MHz, CDCI,): 6 =7.49 (s. 1 H, ArH), 
6.29 (s, l H ,  ArCH=CCH,), 5.50 (ddd, J=15.0,  7.5, 7.5Hz. 1H.  
CH=CHCH2),5.77(dd,J=5.5,5.5H~,1H,CO,CH),5.34(ddd,J=15.0, 
7.5, 7.5Hz, I H ,  CH=CHCH,), 4.19 (d, J=10 .0 .  3.0Hz. I H ,  
(CH,),CCH(OH)), 3.73 (dd. J =  5.5, 2.5 Hz, 1 H, CHOH(CHCH,)), 3.26 
(qd, J =7.0, 5.5 Hz, 1 H, CH,CH(C=O)), 3.01 (brs, 1 H, OH). 2.86 (brs, 1 H. 


I H ,  CH,COO), 2.45 (s, 3H. CH,Ar), 2.46 -2.40 (m, 2 H ) ,  2.23-2.14 (in. 


I H ) ,  2.00-1.92 (m, l H ) ,  1.96 (s, 3H, ArCH=CCH,), 1.64-1.56 (m, 2H). 
1.47(dddd,J=12.5,12.5.4.0,4.0Hz,lH),I.40 1 . 0 0 ( m , 2 H ) , 1 . 2 6 ( ~ . 3 H ,  
C(CH,),), 1.18 (d, J = 7 . 0 H z 3  3H,  CH,CH(C=O)), 1.06 (s, 3H,  C(CH,),), 
0.98 (d. J =  6.5 Hz, 3H,  CH,CHCH,); "C NMR (125.7 MHz, CDCI,): 
6 = 219.9, 170.5. 161.0, 137.4, 136.8, 135.6, 134.5, 125.6. 116.1. 77.2. 76.1. 
72.5, 52.3,43.8, 38.8, 37.6, 36.1, 32.6, 30.3, 27.2, 21.5. 20.4, 16.6, 16.0, 15.1, 
13.7; HRMS (FAB): calcd for C,,H,,NO, (M + H') 462.2856. found 
462.2866. 


20-Oxa-epothilone A analogues 2 and l k p o x i d a t i o n  of cis-dihydroxylactone 
14: To a solution of cis-dihydroxylactone 14 (15.7 mg, 0.034 mmol) in 
methanol (170 pL, 0.2M) was added acetonitrile (36 pL. 0.680 mmol, 
20 equiv), potassium hydrogen carbonate (10.0 mg. 0.102 mmol, 3 equiv), 
and hydrogen peroxide (35 wt% solution in water; 33.0 pL, 0.374 mmol. 
13 equiv), and thc reaction mixture was stirred at ambient temperature for 
3 h. Additional acetonitrile (36 pL, 0.680 mmol, 20 equiv), potassium hydro- 
gen carbonate (10.0 mg, 0.102 mmol, 3 equiv), and hydrogen peroxide 
(35 wt% solution in water; 33.0 pL, 0.374 mmol, 11 equiv) were added. and 
the stirring was continued for 3 more hours, until a ca. I : 1 ratio of product(s) 
and starting material was indicated by TLC. The reaction mixture was then 
immediately passed through a short pad of silica gel with ether and concen- 
trated. Purification by preparative thin-layer chromatography (250 km silica 
gel plate, 50% EtOAc in hexanes) provided epoxide 2 (5.5 mg, 34%) and a 
trace amount of its a-isomeric epoxide 16 along with unreacted starting 
material 14 (5.2 mg, 33%). 
2: R, = 0.23 (silica gel, Ether): [ale = - 25.2 (c = 0.31, CHC1,); 1R (film): 


3417, 2927, 2866, 1731, 1692, 1584, 1260, 756cm- ' ;  ' H N M R  
(500 MHz, CDCI,): b =7.50 (s, 1 H, ArH), 6.35 (s, 1 H, ArCH=CCH,). 5.44 
(dd, l H ,  J = 8 . 0 ,  2.5H2, CO,CH), 4.12 (dd, I H ,  J=10.0,  3.0Hz, 
(CH,),CCH(OH), 3.81 (dd, J = 5.0, 4.0 Hz, 1H. CHOH(CHCH,)), 3.66 
(brs, I H ,  OH), 3.23 (qd, J=7.0, 5.5Hz. l H ,  CH,CH(C=O)), 3.02 (ddd. 
.I=7.0, 5.0, 5.0 Hz, 1 H, CH,CH-O(epoxide)CH), 2.90 (ddd, J=7.0.  4.0, 
4.0 Hz, 1 H, CH,CH-O(epoxide)CH), 2.54 (dd, J = 14.5, 10.0 Hz, 1 H, 
CH,COO), 2.46 (s, 3H, CH,Ar), 2.45 (dd, J = 14.5, 3.0 Hz, 1 H,  CH,COO), 
2.08 (ddd, J =15.0. 5.0, 3.0Hz, I H ,  CH,CH-O(epoxide)CH), 2.01 (s, 3H, 
ArCH=CCH,), 1.88 (ddd, J = 15.0, 7.5, 7.5 Hz, 1 H, CH,CH-O(epox- 
ide)CH), 1.78-1.72(m,1H),1.72-~.65(m,1H).1.60-1.15(m,5H),1.36(s. 
3H, C(CH,),), 1.17 (d, 3H. J=7 .0  Hz, CH,CH(C=O)), 1.11 (s. 3H, 
C(CH,),), 1.00 (d, J = 7 . 0  Hz3 3H,  CH,CHCH,); I3C NMR (150.9 MHz, 
CDCI,): b = 220.6, 170.9, 161.3, 137.5, 136.8, 136.1, 116.5. 76.3, 74.8, 73.7, 
57.4, 54.2, 52.4, 43.6, 38.5, 36.0, 31.1, 30.2, 26.7, 23.6, 21.1. 20.9, 17.0. 15.5, 
14.1,13.6; HRMS (FAB): calcd for C,,H,,NO, ( M  + H') 478.2805, found 
478.2790. 
Larger amounts of epoxide 16 were synthesized by utilizing the method 
described for the epoxidation of cis-dihydroxylactone 39. 16: R, = 0.22 (sil- 
ica gel, 2 x 50% EtOAc in hexanes); = - 22.0 (C = 0.10, CHC1,); IR 
(film): Cmax = 3486, 2926, 2856, 1735, 1689, 1460, 1256, 1148, 982cm-': 
' H N M R  (500 MHz, CDC1,): 6 =7.49 (s, 1 H, ArH). 6.35 (s. 1 H, 
ArCH=CCH,), 5.68 (d. J=8 .5Hz,  I H ,  CO,CH), 4.11 (dd, J = I I . O ,  
2.0 Hz, 1 H, (CH,),CCH(OH)), 4.03-4.00 (m, 1 H, CHOH(CHCH,)). 3.86 


OH),2.55(dd,.l=15.5,10.0H~,1H,CH,COO),2.49(dd,J=15.5,3.0Hz, 
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(brs, 1 H), 3.32(qd,J =7.0,2.0 Hz, 1 H,CH,CH(C=O)), 3.23 (ddd,J=10.0, 
4.0, 4.0 Hz, 1 H,  CH,CH-O(epoxide)CH), 2.96 (ddd, J = 10.0, 4.0, 3.0 Hz, 
1 H, CH,CH-O(epoxide)CH), 2.67 (brs, 1 H), 2.49 (dd, J=12.5,  11.0, 1 H, 
CH2COO), 2.45 (s, 3H,  CH,Ar), 2.40 (dd, .I = 12.5, 2.0 Hz, 1 H, CH,COO), 
2.02 (dddd, J=15.0,  2.5, 1.5, 1.5 Hz, l H ,  CH,CH-O(epoxide)CH), 2.01 (s. 
3H.  ArCH=CCH,), 1.86 (ddd, J=15.0, 9.0, 9.0Hz, l H ) ,  1.85-1.72 (m. 
2H),  1.70-1.00 (m, 5H), 1.36 (s, 3H, C(CH,),), 1.12 (d, .1=7.0Hz, 3H, 
CH,CH(C=O)), 1.04 (s, 3H, C(CH,),), 0.94 (d, J = 7 . 0  Hz, 3H, 
CH,CHCH,); 13C NMR (150.9 MHz, CDCI,): 6 = 222.9, 170.8, 161.3, 
137.7, 137.2, 136.1, 116.2, 75.9, 74.2, 72.1, 57.7, 56.9, 51.5, 42.6, 38.6, 37.8, 
32.7, 30.9, 27.5, 23.9, 21.4, 18.5, 16.1, 15.4, 13.6, 13.0; HRMS (FAB): calcd 
for C,,H,,NO, (A4 + Cs') 610.1781, found 610.1787. 


20-Oxa-epothilone A analogues 17 and lcepoxidation of tvans-dihydroxylac- 
tone 15: As described in the procedure for the epoxidation of cis-dihydroxy- 
lactone 14, acetonitrile (261 pL. 4.998 mmol, 60 equiv), potassium hydrogen 
carbonate (75 mg, 0.747 mmol, 9 equiv), and hydrogen peroxide (35 wt% 
solution in water; 243 pL, 2.748 mmol, 33 equiv) were added portionwise, 
over a period of 9 h, to a solution of trans-dihydroxylactone 15 (38.4 mg, 
0.083 mmol) in methanol (420 pL> 0.2 M) to yield, after purification by prepar- 
ative thin-layer chromatography (250 pm silica gel plate, 50% EtOAc in 
hexanes), epoxides 17 (4.9 mg, 12%) and 18 (7.2 mg, 18%) along with unre- 
acted starting compound 15 (10.1 mg, 26%). 
17: R, = 0.36 (silica gel, 7 5 %  EtOAc in hexanes); [c(]i2 = - 22.5 (c = 0.20, 
CHC1,); IR (film): Cmax = 3418, 2927, 1732, 1691, 1584, 1460, 1251, 1150, 
1105, 981 cm-': 'HNMR (500 MHz. CDCI,): 6 =7.50 (s, l H ,  ArH), 6.34 
(s, l H ,  ArCH=C(CH,)), 5.49 (dd, J=7 .5 ,  2.0 Hz, l H ,  CO,CH), 4.28 (dd. 
J =  9.5, 4.0 Hz, l H ,  (CH,),CCH(OH)), 3.80 (brs, 1 H, OH), 3.76 (dd, 
J z 5 . 5 ,  3.5Hz, l H ,  CHOH(CHCH,)), 3.13 (qd, J = 7 . 0 ,  5.5Hz, I H ,  
CH,CH(C=O)), 2.88 (brs, 1 H, OH). 2.82 (ddd, J = 5.5, 5.5, 2.5 Hz, 1 H, 
CH,CH-O(epoxide)CH), 2.78 (ddd, J = 6.5. 4.0, 2.5 Hz, 1 H, CH,CH-O(e- 
poxide)CH), 2.55 (dd, J=14.0,  9.5 Hz, 1 H, CH,COO), 2.45 (s, 3H,  
CH,Ar), 2.44 (dd, J = 14.0.4.0 Hz, 1 H, CH,COO), 2.07 (ddd, J = 15.0, 7.5, 
6.0 Hz, 1 H, CH,CH-O(epoxide)CH), 1.96 (s, 3H. ArCH=CCH,). 1.96- 
1.8X(m,2H), 1.75-1.00(m,6H), 1.33(s,3H,C(CH3),), 3.18(d,.l=7.0Hz, 
3H. CH,CH(C=O)), 1.06 (s, 3H, C(CH,),), 0.98 (d, J =7.0Hz, 3H, 
CH,CHCH2); 13C NMR (125.7 MHz, CDCI,): 6 = 220.1, 170.8, 161.0, 
137.2, 136.2, 135.6, 115.8, 76.2, 75.5. 72.8, 58.4, 55.6, 52.5, 43.9, 38.9, 36.6, 
34.9, 30.8, 30.3, 22.4, 20.7, 20.4, 16.9, 16.0, 14.5, 13.7. 
18: R, = 0.33 (silica gel. 75% EtOAc in hexanes); [R];, = ~ 25.3 (c = 0.30, 
CHCI,); IR (film): i.,,, = 3442, 2931, 1732, 1691, 1584, 1461, 1378, 1255, 
980 cm- I ;  'H NMR (500 MHz, CDCI,): 6 =7.49 (s, 1 H, ArH), 6.32 (s, 1 H, 
ArCH=C(CH,)), 5.53 (dd. J =  9.5, 2.0Hz, l H ,  CO,CH), 4.16-4.11 (m, 
1H. (CH,),CCH(OH)), 3.81 (brs, 1 H, CHOH(CHCH,)), 3.60 (brs, l H ,  
OH), 3 .53 ,  (brs, l H ,  OH), 3.35 (dq, J = 7 . 0 ,  7.0Hz, l H ,  CH,CH(C=O)), 
2.84-2.78(m,2H.CH2CH-O(epoxide)CH~,2.60(dd,J=15.0,10.0Hz,1H, 
CH2COO),2.52(dd,J=15.0,3.5 Hz, 1H,CH2COO),2.45(s,3H,CH,Ar), 
2.22-2.16 (m. 1 H, CH,CH-O(epoxide)CH), 1.97 (s, 3H,  ArCH=CCH,), 
1.80 (ddd, J=15.5, 9.0, 7.0, I H ,  CH,CH-O(epoxide)CH), 1.74-1.05 (m. 
7H) ,  1.36 (s, 3H. C(CH,),), 1.18 (d, J = 7 . 0 H z ,  3H,  CH,CH(C=O)), 1.09 
( s ,  3H, C(CH,),), 0.98 (d, J = 7 . 0 H z ,  3H,  CH,CHCH,); "C NMR 
(150.9 MHz, CDCI,): 6 = 219.1,170.9,160.1, 136.7, 136.3,136.2,116.5, 76.2, 
75.1, 72.8, 58.2, 56.2, 52.8, 44.4, 38.3, 36.0, 35.3, 31.5, 30.0, 22.1, 21.0, 20.9, 
16.6, 15.3, 14.1, 13.5; HRMS (FAB): calcd for C,,H,,NO, ( M  + Cs') 
610.1781. found 610.1789. 


Hydroxylactones 19 and 2 h y c l i z a t i o n  of diene 12 by olefin metathesis: A 
solution of compound 12 (125 mg, 0.21 mmol) in CH,CI, (210 mL, 0.001 M) 


was treated at 25°C with [RuCI,(=CHPh)(PCy,),] (17 mg, 0.021 mmol, 
0.1 equiv), according lo the procedure described for the cyclization of 5, 
producing hydroxylactones 19 (30 mg, 25%) and 20 (75 mg, 63 %), after 
consecutive flash column chromatography (silica gel, 20% EtOAc in hexanes) 
and preparative thin-layer chromatography (25 pm silica gel plate, 20% 
EtOAc in hexanes). 
19: R, = 0.33 (silica, 30% EtOAc in hexanes); [Z];* = - 58.2 (c = 0.28, 
CHC1,); IR (film): P,,, = 3512, 2930, 2857, 1738, 1682, 1586, 1089 cm-'; 
'HNMR (500 MHz, CDCI,): 6 =7.47 (s, 1 H. ArH), 6.12 (s, l H ,  
ArCH=CCH,), 5.49 (ddd, J = 10.0, 8.0, 8.0 Hz, 1 H, CH=CHCH,), 5.33- 
5.27 (m, 2H,  CH=CHCH, and CO,CH), 4.17 (dd, J = 9 . 0 ,  3.5Hz, l H ,  
(CH,),CCH(OTBS)), 3.63-3.58 (m, 2H,  CHOH(CHCH,) and 
CH,CH(C=O)), 3.52-3.40 (brs, 1 H, CHOH(CHCH,)), 2.50 (dd, J = 15.0, 


3.5 Hz, 1H,  CH,COO), 2.50-2.40 (m, 2H),  2.44 (s, 3H,  CH,Ar), 2.39 (dd, 
J=15.0, 9.0Hz, I H ,  CH,COO), 2.14-2.00 (m, 2H), 1.97 (s, 3H,  
CH,C=CH), 1.63-1.58(m, l H ) ,  1.46-1.00(m,4H), 1.24(s,3H,C(CH3),), 
1.13(d, 3H,J=7.0Hz,CH3CH(C=O)), 1.04(s,3H.C(CH3),). 1.02(d, 3H,  
J =  6.5 Hz, CH,CHCH,), 0.93 (s, 9H,  SiC(CH,),(CH,),), 0.15 (s, 3H,  
SiC(CH,),(CH,),), 0.08 (s, 3H, SiC(CH,),(CH,),): I3C NMR (125.7 MHz. 
CDC1,): 6 = 222.8,170.4,160.8, 137.6,136.6,135.6,133.5, 123.6,115.4,77.2. 
75.0, 73.7, 54.1,43.4, 39.8, 34.7, 33.1, 30.6, 27.7, 26.3, 25.5, 23.3, 22.3, 18.5, 
16.2, 15.5, 13.8, 12.0, -3.6, -4.5; HRMS (FAB): calcd for C,,H,,NO,Si 
(A4 + H + )  576.3720, found 576.3735. 
20: R, = 0.35 (silica gel, 30% EtOAc in hexanes); [R]? = - 42.2 (c =1.44, 
CHC1,); IR (film): i,,, = 3512, 2932, 2858, 1739, 1680, 1586, 1088 cm- ' ;  
'HNMR (500 MHz, CDC1,): 6 =7.44 (s, l H ,  ArH), 6.22 (s. 1 H, 
ArCH=CCH,), 5.33 (ddd, J=15.0, 8.0, 4.0 Hz, 1H,  CH=CHCH,), 5.31 
(ddd, J=15.0, 10.5, 5.0Hz, 1H. CH=CHCH,), 5.17 (dd, J = 7 . 0 ,  6.5Hz. 
1 H, C02CH),  4.17 (dd, J = 8.5,  3.0 Hz, 1 H, (CH,),CCH(OTBS)), 3.64 (q, 
J =7.0 Hz, 1 H, CH,CH(C=O)), 3.56 (s, 1H,  CHOH(CHCH,)), 3.42 (d, 
J = 9 . 0 H z ,  I H ,  CHOH(CHCH,)). 2.52-2.38 (m, 3H), 2.50 (dd, J=15.5,  
3.0Hz, IH,CH,C00) ,  2.42(s,3H,CH3Ar),2.23-2.l7(m, l H ) ,  1.99-1.93 
(m, 1 HI, 1.95 (s, 3H, CH,C=CH), 1.57-1.47 (m. 2H),  1.36-1.28 (m, 2H), 
1.21 (s, 3H, C(CH,),), 1.10 (d, 3H,  J=7.0 Hz, CH,CH(C=O)), 1.05-0.96 
(m, 1 H), 1.02 (s, 3H,  C(CH,),), 0.98 (d. 3 H , J =  6.5 Hz, CH,CHCH,), 0.91 
(s, 9H, SiC(CH,),(CH,),), 0.15 (s, 3H,  SiC(CH,),(CH,),), 0.11 (s, 3H, 
SiC(CH,),(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 = 223.0, 170.4, 160.7, 
137.6, 137.3, 135.6, 133.9, 125.8, 115.7. 77.6, 75.7, 74.8, 54.1, 42.7, 39.3, 
37.0, 35.0, 32.5, 32.1,26.4,25.5,23.7, 22.2, 18.5, 15.4, 15.3, 13.8, 11.9, -3.4, 
-4.5; HRMS (FAB): calcd for C,,H,,NO,Si ( M  + H + )  576.3720, found 
576.3741. 


cis-Dihydroxylactone 214esilylation of compound 19: Silyl ether 19 (71 mg, 
0.12 mmol) was treated with a freshly prepared solution of 20% (e/v) tri- 
fluoroacetic acid (TFA)/CH,CI, (12 mL, 0.01 M) at 0 "C for 3 h, according to 
the procedure described for the synthesis of cis-dihydroxylactone 14, to yield, 
after flash column chromatography (silica gel, 50% EtOAc in hexanes), 
cis-dihydroxyester 21 (43 mg, 75%). R, = 0.13 (silica gel, 33% EtOAc in 
hexanes); [a]? = - 82.7 (c = 0.49, CHCI,); IR (thin film): CmaX = 3499, 
2930,1731,1687,1585cm~'; 'HNMR(500MHz,CDC13):6 =7.49(s, l H ,  
ArH), 6.24 (s, l H ,  ArCH=CCH,), 5.58-5.52 (m, 2H, CO,CH and 
CH=CHCH,), 5.35 (ddd, .1=10.5, 9.0, 4.5 Hz, 1 H, CH=CHCH,), 4.24 
(ddd, J = 10.0, 3.0,2.0 Hz, I H, (CH,),CCH(OH)), 3.55 (d, J = 10.0 Hz, 1 H, 
CHOH(CHCH,)), 3.40 (s, 1 H, CHOH(CHCH,)), 3.31 (4. J =7.0 Hz, 1 H, 
CH,CH(C=O)), 2.94 (d, J = 3.0 Hz, 1 H, (CH,),CCH(OH)), 2.64 (ddd, 
J=16.0,  9.5, 9.5H2, l H ,  CH=CHCH,) 2.60 (dd, J=16.0,  1.5Hz, l H ,  
CH,COO), 2.45 (s, 3H,  CH,Ar), 2.42-2.36 (m, l H ,  CH=CHCH,), 2.41 
(dd, J=16.0, 10.0Hz, l H ,  CH,COO), 2.19-2.12 (m. 1H. CH=CHCH,), 
1.98 (s, 3H, ArCH=CCH,), 1.98-1.93 (m, l H ,  CH=CHCH,), 1.59-1.55 
(m, I H ) ,  1.48-1.32(m, 3H), 1.18(s,3H,C(CH3),), 1.13-1.07(m, l H ) ,  1.11 
(d, .1=7.0Hz, 3H,  CH,CH(C=O)), 1.03 (s, 3H, C(CH,),), 1.02 (d. 
J = 6.5 Hz, 3H,  CH,CHCH,); I3C NMR (125.7 MHz, CDC1,): 6 = 221.7. 
170.7, 160.9, 137.4, 136.4, 135.9, 133.1, 124.7, 116.2, 78.1, 74.1, 72.9, 52.6, 
40.8, 38.1, 34.7,32.9, 31.4,27.8,25.1,22.5, 17.7,15.8, 15.8, 13.8, 11.7;HRMS 
(FAB): calcd for C,,H,,NO, (A4 + H + )  462.2856, found 462.2867. 


trans-Dihydroxylactone 22desilylation of compound 20: Sly1  ether 20 
(27 mg, 0.047 mmol) was treated with a freshly prepared solution of 20% 
(v/v) trifluoroacetic acid (TFA)/CH,CI, (4.7 mL, 0.01 M) at 0 "C for 8 h, 
according to the procedure described for the synthesis of cis-dihydroxylac- 
tone 14, to yield, after flash column chromatography (silica gel, 33 % EtOAc 
in hexanes), trrms-dihydroxyester 22 (16 mg, 72%). R, = 0.15 (silica gel, 
33% EtOAc in hexanes); m.p. 124- 125'C; [cr]i2 = - 67.7 (c = 0.62, 
CHCI,); IR (film): b,,, = 3509, 2974, 2930, 2859, 1731, 1693, 1585, 
757 cm-I; 'H NMR (500 MHr, CDCI,): 6 =7.47 (s, 1 H, ArH), 6.24 (s, 1 H, 
ArCH=CCH,), 5.50-5.45 (m. 2H,  C02CH and CH=CHCH,), 5.32 (ddd, 
J=14.5, 7.0, 7.0H2, l H ,  CH=CHCH,), 4.22 (ddd, J=10.5, 3.0, 1.0Hz. 
I H ,  (CH,),CCHOH), 3.53 (d, J =  9.5 Hz, 1 H, CHOH(CHCH,)), 3.49 (s, 
1 H, CHOH(CHCH,), 3.36 (4. J =7.0 Hz. 1 H, CH,CH(C=O)), 2.98 (d, 
J = 3 . 0 H z ,  I H ,  (CH,),CCHOHI, 2.57 (dd, J=15 .5 ,  l.OHz, l H ,  
CH,COO), 2.48-2.42 (m, 2H. CH=CHCH,), 2.44 (s, 3H,  CH,Ar). 2.38 
(dd, J=15.5, 10.5Hz. I H ,  CHICOO) 2.14-2.09 (m, l H ,  CH=CHCH,), 
1.97 (s, 3H, ArCH=CCH,), 1.97-1.91 (m, l H ,  CH=CHCH,), 1.61-1.56 
(m,1H),1.42-1.05(m,4H),1.19(s,3H,C(CH3),),l.ll(d,.l=7.0Hz,3H, 
CH,CH(C=O)), 1.02 (s, 3H, C(CH,),), 0.99 (d, J = 7 . 0 H z ,  3H, 
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CH,CHCH,); I3C NMR (125.7 MHz, CDC1,): S = 221.9, 171.0, 160.9, 
137.5, 136.5, 135.8, 134.3, 124.8, 116.0,77.8,74.6, 73.2, 52.7,41.0,38.2, 36.1, 
34.5, 32.9, 32.8, 24.8, 23.0, 17.8, 16.0, 15.7, 13.8, 11.6; HRMS (FAB): cakd 
for C,6H,,N06 ( M  + Hi)  462.2856, found 462.2843. 


20-Oxa-epothilone A analogues 23 and t k p o x i d a t i o n  of eis-dihydroxylac- 
tone 21 : As described in the procedure for the cpoxidation of czs-dihydroxy- 
lactone 14, acetonitrile (96 pL, 1.840 mmol, 40 equiv), potassium hydrogen 
carbonate (27.6 mg, 0.276 mmol, 6 equiv), and hydrogen peroxide (35 wt % 
solution in water; 90 pL, 1.012 mmol, 22 equiv) were added portionwise, over 
a period of 6 h ,  to a solution of cis-dihydroxylactone 21 (21.0mg, 
0.046 mmol) in methanol (230 pL, 0.2 M) to yield, after purification by prepar- 
ative thin-layer chromatography (250 pm silica gel plate, 50% EtOAc in 
hexanes), epoxides 23 (or 24) (5.2mg, 24%) and 24 (or 23) (2.0 mg. 9%) 
along with unreacted starting compound 21 (5.0 mg, 24%) 
23 (or 24): R, = 0.45 (silica gel, 75% EtOAc in hexanes); [XI? = - 25.6 
(c = 0.25, CHCI,); IR (thin film): Gmax = 3454, 2927, 1731, 1689, 1585, 1460, 
1381, 1288, 1152, 1109, 1056, 979,920cm-'; 'HNMR (SO0 MHz, CDC1,): 
6 =7.51 (s, 1 H, ArH), 6.44 (s, 1 H, ArCH=CCH,), 5.62-5.58 (m. 1 H, 
CO,CH), 4.43 (d. J = 2.1 Hz, 1 H, (CH,),CCH(OH/, 4.30-4.26 (m, 1 H, 
(CH,),CCH(OH)), 3.82 (d, J = 8.5Hz, I H ,  CHOH(CHCH,)), 3.35 (brs, 
1 H,  CHOH(CHCH,), 3.21 (q. .I =7.0 Hz, 1 H, CH,CH(C=O)), 3.09 (ddd, 
J=10.5,4.0,3.5Hz, lH,CH,CH-O(epoxide)CH),2.89(ddd.J=I0.5,4.5, 
2.5 Hz, 1 H, CH,CH-O(epoxide)CH), 2.55-2.46 (m, 2H,  CH,COO), 2.45 (s, 
3 H,  CH ,AT). 2.17 (ddd, J = 15.5, 3.5, 3.5 Hz, 1 H, CH,CH-O(epoxide)CH), 
2.07 (s, 3H, ArCH=CCH,), 1.92 (ddd, J=15.5,  10.5, 3.5 Hz, l H ,  CH,CH- 
O(epoxide)CH), 1.80-1.10 (m, 7H), 1.14 (s, 3H,  C(CH,),), 1.14 (d, 
J = 7 . 0 H z ,  3H,  CH,CH(C=O)), 1.06 (s, 3H, C(CH,),). 1.02 (d, J = 7 . 0 H z ,  
3H,  CH,CHCH,); I3C NMR (125.7 MHz, CHCI,): 6 = 221.2, 171.7, 160.9, 
137.6, 136.0. 134.2, 115.8, 75.8, 74.4, 72.8, 56.5, 53.9, 53.1, 40.2, 39.2, 34.2, 
32.8, 29.6, 28.2, 22.9, 21.1, 16.4, 16.1, 15.2, 13.9, 12.0; HRMS (FAB): calcd 
for C,,H,,NO, ( M  + Hi)  478.2805, found 478.2820. 
24 (or 23): R, = 0.42 (silica gel, 75% EtOAc in hexanes); [XI? = - 30.0 
(c = 0.06, CHCI,); IR (thin film): = 3416, 2924, 1733, 1687, 1585, 1459, 
1380, 1149, 1068,929 cm- ' ;  ' H N M R  (500MHz, CDCI,): 6 =7.50 (s, l H ,  
ArH),6.33(s,1H,ArCH=CCH3),5.87(d,J=10.5Hz,1H,CO,CH),4.73 
(d, .I = 9.0 Hz, 1 H, (CH,),CCH(OH)), 3.71 (brs, 1 H, OH), 3.68 (d, 
J =  9.5 H z , I H ,  CHOH(CHCH,)), 3.43 (brs, l H , O H ) ,  3.42 ( q , J = 7 . 0  Hz, 
1 H, CH,CH(C=O)), 3.19 (ddd, J =10.0,4.0, 2.0 Hz, 1 H, CH,CH-O(epox- 
ide)CH), 3.08 (ddd, J = 9.0, 4.5, 4.5 Hz, 1 H, CH,CH-O(epoxide)CH), 2.51 
(d,J=14.0,1H,CH,COO),2.45(s,3H,CH3Ar),2.45(dd,J=14.0,9.0Hz, 
1H,  CH,COO), 2.13 (ddd, J=14.5,  2.0, 2.0Hz, I H ,  CH,CH-O(epox- 
ide)CH). 2.03-1.97 (m, 1 H, CH,CH-O(epoxide)CH), 2.00 (s, 3H. 
ArCH=CCH,), 1.80-0.96 (m, 7H), 1.16 (s, 3H, C(CH,),), 1.13 (d, J =  
7.0 Hz, 3H,  CH,CH(C=O)), 1 . 0 4 ( ~ ,  3H,C(CH,),), 1.03 (d, .I =7.0 Hz, 3H,  
CH,CHCH,); HRMS (FAB): calcd for C,,H,,NO, ( M  + Cs+) 610.1781, 
found 610.1793. 


20-Oxa-epothilone A analogues 25 and 26-epoxidation of tvans-dihydroxylac- 
tone 22: As described in the procedure for the epoxidation of cis-dihydroxy- 
lactone 14, acetonitrile (62.6 pL, 1.200 mmol, 40 equiv), potassium hydrogen 
carbonate (18.0 mg, 0.180 mmol, 6 equiv), and hydrogen peroxide (35 wt% 
solution in water: 59 pL, 0.668 mmol. 22 equiv) were added portionwise, over 
a period of 6 h, to a solution of trans-dihydroxylactone 22 (14.0mg. 
0.030 mmol) in methanol (I 50 pL, 0 .2M) to yield, after purification by prepar- 
ative thin-layer chromatography (250 pm silica gel plate, 50% EtOAc in 
hexanes), epoxides 25 (or 26) (2.2 mg, 15 YO) and 26 (or 25) (2.8 mg, 19 %) 
along with unreacted starting material 22 (4.2 mg, 30 X). 
25 (or 26): R, = 0.36 (silica gel, 50% EtOAc in hexanes); [CLIP = - 23.5 
(c = 0.55, CHCI,); IR (film): = 3445,2931,1731, 1583,1460, 1374,1287, 
1214, 1151, 1108,1064,983cm-1; 'HNMR(500 MHz. CDCI,): 6 =7.48 (s, 
1 H,  ArH), 6.31 (s, 1 H, ArCH=CCH,), 5.71 (d, J = 10.0 Hz, 1 H, C0,CH). 
4.39 (dd, J =  9.5, 4.0 Hz, 1 H, (CH,),CCH(OH)), 4.27 (d, J = 4.5 Hz, 1 H. 
OH). 3.75 (d, J = 6.0 Hz, 1 H, CHOH(CHCH,)). 3.26 (q, J =7.0 Hz, 1 H, 
CH,CH(C=O), 2.92 (brs, I H ,  OH), 2.91 (ddd, J = 9 . 0 ,  2.5, 2.5Hz, I H ,  
CH,CH-O(epoxide)CH), 2.71 (ddd, J =  8.5, 2.5, 2.5 Hz, 1 H, CH,CII-0- 
(epoxide)CH), 2.50 (d, J=13.0 Hz, I H ,  CH,COO), 2.44 (s, 3H,  CH,Ar), 
2.39 (dd, J = 13.0, 10.0 Hz, 1 H, CH,COO), 2.1 3 (ddd. J = 15.0, 2.5, 2.5 Hz, 
I H .  CH,CH-O(epoxide)CH). 2.98 (s, 3H, ArCH=CCH,), 1.95-1.88 (m, 
l H ) ,  1.73-1.35 (m. 7H), 1.16 (s, 3H,  C(CH,),), 1.14 (d, 3H,  .1=7.0Hz, 
CH,CH(C=O)), 1.03 ( s ,  3H,  C(CH,),). 0.93 (d, 3H, J = 7 . 0  Hz. 


CH,CHCH,); 13C NMR (125.7 MHz, CDCI,): ii = 220.7. 172.2. 161.0, 
137.4, 136.4, 136.0, 116.6, 76.7, 74.6, 73.6, 58.0, 55.9, 53.0, 42.1, 39.1. 36.1, 
34.6, 33.0, 29.2, 22.2, 21.7, 16.0, 15.3, 13.8, 13.5, 12.3. 
26 (or 25): R, = 0.35 (silica gel, 50% EtOAc in hexanes): [XI? = - 23.5 
(c = 0.55, CHCI,); IR (film): = 3418. 2930.1733. 1686. 1584. 1460. 1376. 
1152. 1049,921 cm-l ;  'HNMR (500MHz. CDCI,): 6 =7.49 (s. 1 H. ArH), 
6.33 (s, 1 H, ArCH=CCH,), 5.54 (dd, J = 9.0. 3.0 Hz. 1 H. COZCH). 4.20 
(dd,J=10.5,1.5H~,1H,(CH3),CCH(OH)),3.73(d,J=7.5Hz,1H,CHO- 
H(CHCH,)),3.51 (brs,IH),3.35(dq,J=7.0,1.5Hz,lH,CH,CH(C=O)), 
3.11 (brs, 1H,OH),  2 .74(d t , J=  5.5, 2.0Hz, 2H,  CH,CH-O(epoxide)CH), 
2.70 (dt, J = 5.5, 2.5 Hz, 1 H, CH,CH-O(epoxide)CH). 2.60 (dd, J = 15.5. 
1.5Hz, l H ,  CH,COO). 2.45 (s, 3H,  CH,Ar), 2.40 (dd, J = 1 5 . 5 ,  1 0 . 5 H ~ .  
1 H, CH,COO), 2.10 (ddd, J=14.5,  5.5, 3.0 Hz, 1 H. Cff,CH-O(epox- 
ide)CH), 1.98 (s, 3H, ArCH=CCH,), 1.91 (ddd, J=14.5 ,  9.0, 5.5 Hz. 1H. 
CH,CH-O(epoxide)CH), 1.68-1.25(m. 7H). 1.29 (s, 3H, CCCH,),). 1.12(d, 
J-~.~HZ,~H,CH,CH(C=O)),~.~~(S,~H,C(CH,),),~.~~(~,J=~.~HI. 
3H, CH,CHCH,); I3C NMR (125.7 MHz. CDCI,): 6 = 221.5, 171.4. 161.0, 
137.4, 136.1, 135.7. 116.5, 76.7, 74.1, 72.8, 58.7, 55.7, 52.6, 42.4. 38.3, 35.2. 
35.1, 32.9, 31.7, 22.6, 21.9. 18.5, 15.5, 15.0, 13.8, 12.1; HRMS (FAB): calcd 
for C,,H,,NO, ( M  + H') 478.2805, found 478.2823. 


Spirocyclopropane ketoester 35-cyclopropanation of ethyl propionylacetate 
34: Ethyl propionylacetate 34 (75.0 mL, 0.526 niol) was added to a solution 
of dry K,CO, (218.0 g, 1.579 mol, 3.0 equiv) in DMF (526 mL, 1 M )  at anibi- 
ent temperature. This mixture was treated with 1.2-dibromocthane (60.0 mL, 
0.684 mol. 1.3 equiv) over a period of 15 min and then rapidly stirred for 1 5 h,  
after which time completion of the reaction was indicated by NMR. Follow- 
ing filtration through Celite and washing with ether, the solvents were re- 
moved in vacuo. Vacuum distillation (b.p. 64-C/6mmHg) of the crude 
product resulted in the isolation of the pure spirocyclopropane ketoester 35 
(53.9 g% 60%) as a colorless oil. R ,  = 0.45 (silica gel. 17% EtOAc in hexanes): 
IR (film): Gm,,=2981, 2940, 1726, 1703, 1372. 1314, 1183, 1098cniC': 
'H NMR (250 MHL, CDCI,): 6 = 4.20 (9, J =7.1 Hz, 2H,  CH,CH,O). 2.86 
(~,J=~.~HZ,~H,CH,CH,),I.~~(S,~H,C(CH,),),~.~~(~,J=~.~ Hz,3H, 
CH,CH,O), 1.08 (t, J = 7 . 3  Hz, 3H, CH,CH,); 13C NMR (62.9 MHz. CD- 
CI,): 6 = 206.0, 171.1, 61.2, 35.1, 34.6, 18.5, 14.0, 8.3. 


Spirocyclopropane ketoaldehyde 33-LiAIH, reduction/Swern oxidation of 
spirocyclopropane ketoester 35: To a solution of spirocyclopropaiie ketoester 
35 (53.9 g, 0.316 mol) in ether (1.5 L, 0 . 2 ~ )  w dded a solution of lithium 
aluminum hydride (LAH; 1 M solution in THF, 632 mL. 0.632 inol, 2.0 equiv) 
at -20°C over a period of 2 h, and the reaction mixture stirred at -20°C 
for 2 h. The reaction mixture was then diluted with ether (250 mL) and 
quenched by the sequential dropwise addition of water (24 mL). 15  'YO 
aqueous sodium hydroxide solution (24 mL) and additional water (72 inL). 
Thc resulting slurry was allowed to warm to 25 C over 10 11. and the ulu- 
minum salts wei-e removed by filtration through Celite. The filtrate was dried 
(MgSO,), and the solvent removed in vacuo to yield the crude diol (38.5 g. 
93%), which was used in the oxidation step without further purification. An 
analytical sample was prepared by flash column chromatography (silica gel, 
33 -+ 50% EtOAc in hexanes); R, = 0.17 (silica gel, 50% EtOAc in hexanes); 
IR (film): bmaX = 3355, 2964, 2934, 2877, 1462, 1433, 1101, 1029. 969 cm '; 
'HNMR (400MHz, CDCI,): 6=4.11  (ddd, .1=11.3, 3.9, 1 .3Hr.  I H ,  
CH,CH,CHOH), 3.03 (dd, J=11.3,  5.9Hz, 1H. CH,OH). 2.97-2.85 (m. 
3H,  CH,OH, CH,OH and CHOHJ,  1.75-1.59 (m. 2H. CH,CH,), 0.97 (t. 
J = 7 . 5  Hz, 3H,  CH,CH,), 0.61-0.53 (m, 2H. C(CH,),), 0.43-0.36 (m. 2H. 
C(CH,),); I3C NMR (62.9 MHz, CDCI,): 6 = 80.1, 67.2, 27.3, 25.4. 10.7. 
9.9, 7.9; HRMS (FAB): calcd Tor C,H,,NaO, (A4 + Na') 153.0892. found 
153.0894. 
To a solution of oxalyl chloride (35.5 mL, 0.407 mol, 3.0 equiv) in CH,CI, 
(360 mL) was added dropwise DMSO (38.5 mL. 0.543 mol, 4.0 equiv) in 
CH,C1, (100 mL) at -78 "C over 1 h. After the mixture had been stirred for  
35 min, a solution of crude diol (17.7 g, 0.136 mol) in CH,C1, (200 mL) was 
added dropwise at -78 'C over a period of 1.5 h. The solution was stirred for 
a further 1 h at -78"C, before Et,N (151 mL, 1.085 mol, 8.0cquiv) was 
added over 40 min. After a further 15 min at - 78 C the resulting slurry was 
allowed to warm to 0 "C over 1 h. Ether (700 mL) and saturated aqueous 
NH,C1 solution (500 mL) were then added and the organic phase separated. 
The aqueous phase was again extracted with cthcr (500 mL). and the com- 
bined organic solution washed with saturated aqueous NH,CI solution 
(1 .0 L), dried (Na,SO,), filtered, and concentrated under reduced pressure. 
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Purification by flash column chromatography (silica gel, 25% ether in hex- 
anes) afforded spirocyclopropane ketoaldehyde 33 (10.9 g, 64%). R, = 0.57 
(silica gel, SO% EtOAc in hexanes); (b.p. 45"C/ lSmm Hg); IR (film): 
C,,, = 2974, 2939, 1723, 1699, 1318, 1176, 1099 cm-'; 'HNMR (400 MHz, 
CDCI,): 6 = 9.83 (s, 1 H, CHO), 2.70 (9. J =7.2 Hz, 2H, CH,CH,), 1.70- 
1.68 (m. 2H,  C(CH,),), 1.57-1.54 (m. 2H,  C(CH,),), 1.09 ( t ,  J = 7 . 2  Hz, 
3H, CH,CH,); I3C NMR (62.9 MHz, CDCI,): S = 205.9, 197.8, 40.9, 33.7, 
21.2, 7.7; HRMS (FAB): calcd for C,H,,O, ( M +  H') 127.0759, found 
127.0765, 


Silyl ether 32-allylboration of spirocyclopropane ketoaldehyde 33 and silyla- 
tion: Allylmagnesium bromide (1 M solution in ether, 80 mL, 80.0 nnnol, 
1.0 equiv) was added dropwise to a well-stirred solution of (-)-Ipc,BOMe 
(27.2 g. 86.0 mmol, 1.1 equiv) in ether (500 mL) at 0'C. After thecompletion 
of the addition, the gray slurry was stirred at room temperature for 1 h, and 
the solvent removed under reduced pressure. Pentane (400 mL) was added to 
the residual solids. and the mixture stirred for 10 min. The stirring was 
discontinued to allow precipitation of the magnesium salts, and the clear 
supernatant pentane solution was transferred through a cannula carefully 
avoiding the transfer of any solid materials. This process was repeated four 
times. The combined pentane fractions were concentrated to a volume of ca. 
500 mL and then added dropwise, without further purification, to a solution 
of ketoaldehyde 33 (10.1 g, 79.7 mmol, 1.0 equiv) in ether (250 mL) at 
-100'C. After the addition was complete, the mixture was stirred at the 
same temperature for 30 min. Mcthanol (10 mL) was added at - 100°C, and 
the reaction mixture was allowed to warm to -40°C over 40 min. Saturated 
aqueous NaHCO, solution (125 mL), followed by H,O, (50 wt % solution in 
H,O, 50 mL) were added, and the reaction mixture was allowed to stir at 
room temperature for 12 h. The organic phase was separated, and the 
aqueous phase extracted with EtOAc (3 x 250 mL). The combined organic 
extracts were washed with saturated aqueous NH,C1 solution (500 mL), 
dried (Na,SO,), and the solvents removed in vacuo to yield the crude allylic 
alcohol, which was used without further purification. An analytical sample 
was prepared by flash column chromatography (silica gel, 3 %  acetone in 
CH,C1,); R, = 0.14 (silica gel, 17% EtOAc in hexanes); [u]p = - 93.6 
(c = 0.92, CHCI,), IR (film): = 3472,2978,2938,1678, 1641,1376,1068, 
994. 972, 914 cm- ' ;  'HNMR (500 MHz, CDCI,): 6 = 5.84 (dddd, J = 17.0, 
10.0, 7.0, 7.0 Hz, 1 H, CH,Cff=CH,), 5.10-5.03 (m, 2H,  CH,CH=CH,). 
3.30 (dd, J = 6 . 5 ,  6.5Hz, I H ,  CHOH), 3.18 (brs, I H ,  CHOHJ,  2.42-2.37 
(m, 2H, CH,CH=CH,), 2.12 (q, J = 7 . 5  Hz, 2H,  CH,CH,), 1.26 (ddd, 
J = Y . 5 ,  7.0, 5.0Hz, I H ,  C(CH,),), 1.16 (ddd, . I = 9 . 5 ,  7.0, 5.0Hz, l H ,  
C(CH,),),1.07(ddd,J~9.0,7.0,5.0H~,1H,C(CH,),),l.00(t,J=7.5H~, 
3H. CH,CH,), 0.94 (ddd, J =  9.0, 7.0, 5.0 Hz, l H ,  C(CH,),); ',C NMR 
(62.9 MHz, CDCI,): 6 = 212.5, 135.4, 117.0, 74.9, 39.7, 35.4, 29.4, 14.0, 12.6, 
8.0; HRMS (FAB): calcd for C,,H,,NaO, ( M  + Na') 191.1048, found 
191.1042. 
This crude alcohol was dissolved in CH,CI, (750 mL, O . ~ M ) ,  and the solution 
was cooled to - 78 "C. The solution was treated with 2,6-lutidine (40 mL, 
0.368 mol, 4.6 equiv), and after stirring for 5 min, tert-butyldimethylsilyl tri- 
flate (70 mL. 0.305 mmol, 3.8 equiv) was added dropwise. The reaction mix- 
ture was allowed to stir at -78°C for 35 min, after which time no starting 
material was detected by TLC. Saturated aqueous NH,C1 solution (500 mL) 
was added, and the reaction mixture was allowed to warm to room tempera- 
ture. The organic phase was separated, and the aqueous layer extracted with 
ether (3 x 300 mL). The combined organic extracts were dried (MgSO,) and 
filtered through Celite, and the solvents were removed in vacuo to yield the 
crude silyl ether 32, which was used without further purification. An analyt- 
ical sample was prepared by flash column chromatography (silica gel, 
2 -17% ether in hexanes); R, = 0.50 (silica gel, 17% EtOAc in hexanes); 
[u]g = + 20.3 (c = 0.94, CHCI,), IR (film): Cmax = 2955, 2932, 2890, 2857, 
1687, 1256, 1086, 838, 776 cm-I; 'HNMR (400 MHz, CDCI,): 6 = 5.79 
(dddd, .I = 17.0, 10.0, 7.0, 7.0 Hz, 1 H,  CH,CH=CH,), 5.01-4.94 (m, 2H, 
CH,CH=CH,), 4.16 (dd, .I= 5.5, 5.5 Hz, 1 H, CHOTBS), 2.38-2.21 (m, 
2H.CHzCH=CH,),2.30(q, J=7 .5Hz,2H,CH3CH,) ,  1.13-1.09 (m, 1H. 
C(CH,),), 1.00 (t, J =7.5 Hz, 3H,  CH,CH,), 0.98-0.90 (m. 3 H, C(CH,),), 
0.86 (s, 9H, SiC(CH,),(CH,),), 0.04 (s, 3H, SiC(CH,),(CH,),), 0.01 (s, 3H, 
SiC(CH,),(CH,),); ',C NMR (100.6 MHz, CDCI,): 6 = 210.5, 135.5, 116.8, 
70.2. 41.6, 36.3, 31.0, 25.8, 28.0, 12.6, 11.3, 8.3, -4.3, -4.6; HRMS (FAB): 
calcd for C,,H,,O,Si (A4 + H') 283.2093, found 283.2087. 


Spirocyclopropane ketoacid 314xidation of olefin 32: The crude alkene 32 
was dissolved in MeCN (143 mL), CCI, (143 mL), and H,O (214 mL), and 


the mixture cooled to 0 "C. Sodium periodate (70 g, 327 mmol, 4.1 equiv) and 
ruthenium(lI1) chloride hydrate (898 mg, 3.98 mmol, 0.05 equiv) were added. 
and the mixture was stirred at 0 "C for 10 min. The dark mixture was allowed 
to warm to ambient temperature and stirred for 3 h, after which time the 
disappearance of starting material was indicated by TLC. CH,C1, (1.5 L) and 
saturated aqueous NaCl solution (1.5 L) were added. and the layers were 
separated. Extractions of the aqueous phase with CH,CI, (3 x 750 mL), fil- 
tration through Celite, concentration and flash column chromatography 
(2 + 80% EtOAc in hexanes) yielded pure spirocyclopropane ketoacid 31 
(10.2 g, 43% for three steps); R, = 0.39 (silica gel, 50% EtOAc in hexanes); 
[u]i2 = - 0.8 (c =1.19, CHCI,); IR (film): i,,, = 2955, 2930, 2857. 1712, 
1687,1255,1090,838,778 cm-'; 'HNMR (500 MHz, CDCI,): 6 = 4.45 (dd. 
J = 5 . 5 .  5.5H2, l H ,  CHOTBS), 2.62 (dd, J=15.5, 5.5Hz, l H ,  
CH,CHOTBS), 2.61 (dd, J =l5.5, 5.5 Hz. I H ,  CH,CHOTBS). 2.39 (dq. 
Jz17.5,  7.0Hz, I H ,  CH,CH,), 2.28 (dq, J=17.S,  7.0Hz, l H ,  CH,CH,), 
1.01 (t, J =7.0 Hz, 3H, CH,CH,), 0.84 (s, 9H,  SiC(CH,),(CH,),), 0.06 (s, 
3 H, SiC(CH,),(CH,),), 0.04 (s, 3H,  SiC(CH,),(CH,),): 13C NMR 
(150.9 MHz, CDCI,): 6 = 210.2, 177.4, 68.7,42.2, 36.4. 30.9, 25.7, 18.0, 13.0. 
12.6, 8.2, -4.6, -4.9; HRMS (FAB): calcd for C,,H,,NaO,Si ( M  + Na') 
323.1655, found 323.1650. 


Hydroxyacids 29 and 3 6 a l d o l  condensation of ketoacid 31 with aldehyde 8:  
In accordance with the procedure described for the preparation of aldols 6 
and 11, ketoacid 31 (1.583 g, 5.26 mmol) in THF (18 mL) was treated with 
lithium diisopropylamide [LDA; freshly prepared from nBuLi (7.73 mL, 1 . 6 ~  
solution in hexanes, 12.37 mmol, 2.35 equiv) and diisopropylamine (1.70 mL, 
12.10 mniol, 2.3 equiv) in THF (53 mL)] and aldehyde 8 (1.13 g, 8.94 mmol, 
1.7 equiv) in THF (53 mL) to afford a mixture of aldol products 29 and 36 
in a ratio of ca. 2: 3 ('H NMR). This crude material was used without further 
purification. 


Esters 28 and 37-EDC coupling of alcohol 30 with the mixture of ketoacids 
29 and 36: By analogy to the procedure described above for the synthesis of 
esters 5 and 12, a solution of the mixture of ketoacids 29 and 36 (2.289 g 
crude), 4-DMAP (66 mg, 0.540 mmol), and alcohol 30 (2.81 g, 13.43 mmol) 
in CH,CI, (8.0 mL) was treated with EDC (1.23 g, 6.42 mmol) to provide, 
after column chromatography (silica gel, 33 + 50% ether in hexanes), 
ester 28 (488mg, 15% from ketoacid 31) and ester 37 (1.171 g, 36% from 
ketoacid 31). 
28: R,  = 0.38 (silica gel, 50% ether in hexanes); IR (film): Cmax = 3508, 3078. 
2926, 2855, 1737, 1675, 1378, 1255, 1170, 1095, 987, 836cm-'; 'HNMR 
(400 MHz, CDCI,): 6 = 6.96 (s, 1 H,  ArH), 6.50 (s, 1 H, ArCH=CCH,), 
5.87-5.65 (m. 2H,  2CH,CH=CH,), 5.28 (dd, J =  6.8. 6.8 Hz, 1 H, 
CO,CH), 5.10 (d, J=17.0Hz,  l H ,  CH,CH=CH,), 5.04 (d, J=10.0Hz,  
l H ,  CH,CH=CH,), 5.00 (d, J=17.0  Hz, l H ,  CH,CH=CH,), 4.93 (d, 
J=10.0  Hz, 1 H, CH,CH=CH,), 4.30 (dd, J =  6.2, 5.0 Hz, l H ,  


1 H, CHOH(CHCH,), 2.98 (q, .I = 6.5 Hz, 1 H, CH,CH(C=O)), 2.70 ( s ,  3H, 
(CH,),CCH(OTBS)), 3.48 (brs, 1 H, CHOH(CHCH,). 3.42 (d, J = 9.2 Hz, 


CH,Ar), 2.66 (dd, J=15.0, 6.8Hz, I H ,  CH,COO), 2.56 (dd, J=15.0,  
5.0 Hz, I H ,  CH,COO), 2.51-2.45 (m, 2H, CH,CH=CH,), 2.09-2.02 (m. 
2H,CH2CH=CH2),2.06(d, J=l.OHz,3H,ArCH=CCH,),1.78-1.74(m, 
l H ) ,  1.73-1.63 (m, l H ) ,  1.63-1.48 (m, 2H) ,  1.34-0.96 (m, 5H). 1.01 (d, 
J = 7 . 0  Hz, 3H,  CH,CH(C=O)), 0.87 (s, YH, SiC(CH,),(CH,),). 0.84 (d, 
J =7.0 Hz, 3H,  CH,CHCH,), 0.08 (s, 3H, SiC(CH,),(CH,),), 0.07 (s, 3H. 
SiC(CH,),(CH,),); I3C NMR(100.6 MHz, CDC1,): 6 = 216.0, 170.2, 164.5, 
152.3, 118.9, 136.6, 133.2, 121.1, 117.7, 116.3, 114.0, 78.6. 74.3, 69.2, 42.6, 
40.5, 37.4, 35.9, 35.4, 34.1, 32.3, 26.0, 25.6, 19.1, 17.9, 15.3, 14.6, 14.0, 12.5. 
10.0, -4.5, -5.0; HRMS (FAB): calcd for C,,H,,CsNO,SSi ( M  + Cs') 
750.2625, found 750.2649. 
37: R, = 0.30 (silica gel, 50% ether in hexanes); [m]? = -12.7 (c =1.38, 
CHCI,); IR (film): imax = 3499, 3077, 2931, 2857, 1738, 1674, 1375, 1254, 
1169, 1096, 982, 836 cm-'; 'HNMR (400 MHz, CDCI,): 6 = 6.96 (s, 1 H, 
ArH), 6.50 (s, 1 H, ArCH=CCH,), 5.83-5.69 (m, 2H,  2CH,CH=CH,), 
5.29 (dd, J = 6 . 8 ,  6.8Hz, l H ,  CO,CH), 5.10 (d, J=17.0Hz,  l H ,  
CH,CH=CH,), 5.04 (d, J = 10.5 Hz, 1 H, CH,CH=CH,), 5.00 (d, 
J = 17.0 Hz, 1 H, CH,CH=CH,), 4.95 (d, J = 10.0 Hz, 1 H, CH,CH=CH,). 
4.32 (dd, J =  6.5, 4.8 Hz, l H ,  (CH,),CCH(OTBS)), 3.50-3.46 (m, 1H.  
CHOH(CHCH,)), 3.24 (brd, J = 2.0 Hz, 1 H, CHOH(CHCH,), 2.94 (qd, 
J=7 .0 ,  2.5 Hz, 1 H, CH,CH(C=O)), 2.70 (s: 3H,  CH,Ar), 2.65 (dd, 
J=15.1,6.5H~,1H,CH,COO),2.56(dd,J=15.1,4.8Hz,1H,CH2COO), 
2.51 -2.45 (m, 2H,  CH,CH=CH,), 2.06 (d, J = 1 .0 Hz, 3 H, ArCH=CCH,). 
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2.06-1.96 (ni, 2H,  CH,CH=CH,). 1.66-1.01 (ni, 9H).  1.04 (d, J =7.0 Hz, 
3H,  CH,CH(C=O)), 0.99 (d, J =  6.5 Hz, 3H. CH,CHCH,), 0.87 (s, 9H,  
SiC(CH,),(CH,),), 0.08 (s, 3H,  SiC(CH,),(CH,),), 0.07 (s. 3H,  
SiC(CH,),(CH,),): I3C NMR(100.6 MHz, CDC1,): Ci = 215.5,170.3. 164.6, 
152.4, 138.7, 136.7, 133.3, 121.2, 117.8, 116.3, 114.6, 78.7, 74.7, 69.2, 42.7, 
41.1, 37.4, 36.1, 35.3, 33.9, 32.3, 26.0, 25.8, 19.2, 18.0, 15.4, 14.7, 13.8, 12.5, 
11.4, -4.5, -4.8 ; HRMS (FAB): calcd for C,,H,,CsNO,SSi ( M  + Cs') 
750.2625, found 750.2649. 


Hydroxylactones 27 and 38-cyclization of diene 28 by olefin metathesis: As 
described for the cyclization of diene 5 ,  a solution of diene 28 (79 mg, 
0.128 mmol, 1.0 equiv) in CH,CI, (128 mL, 0.001 M) was treated with [Ru- 
CI,(=CHPh)(PCy,),j (10.5 ing, 0.013 mmol. 0.1 equiv) for 2 h, to furnish, 
after preparative thin-layer chromatography (250 pm silica gel plate, 17 % 
EtOAc in hexanes) cis-hydroxylactone 27 (28 mg, 37%) and tvans-hydroxy- 
lactone 38 (27 mg, 35%). 
27: R,  = 0.61 (silica, 50% EtOAc in hexanes): [XI? = -121.3 (c = 0.67, 
CHCI,); IR (film): CmaX = 2928, 2855, 1738, 1678, 1461, 1381, 1254, 1165, 
1104, 1064, 835 cm- ' ;  'HNMR (500 MHz, CDC1,): 6 = 6.93 (s. 1 H. ArH), 
6.44 (s, 1 H, ArCH=C(CH,)), 5.52-5.45 (m, 1 H,  CH=CHCH,) 5.30 (ddd, 
J=10.5,  10.5, 6.5H2, l H ,  CHzCHCH,), 5.20 (d, J = 8 . 5 H z ,  l H ,  
CO,CH), 4.07-4.00 (m, l H ) ,  3.86 (brs, I H ,  CHOH(CHCH,)), 3.56-3.53 
(m. I H ) ,  2.83 (dd, J=16.0, 11.5Hz. I H ,  CH,COO), 2.87 2.77 (m, l H ) ,  
2.70 (s, 3H, CH,Ar), 2.67-2.56 (m, l H ) ,  2.55 (dd, J=16.0, 2.0Hz, I H ,  
CH,COO), 2.31-2.19 (m, 2H),  2.15-2.09 (m, l H ) ,  2.06 (s, 3H, 
ArCH=CCII,), 1.77-1.73 (m, 1 H), 1.67-1.52 (m, 2H). 1.43-1.23 (m, 2H),  
1.15 (d, J = 7 . 0 H z ,  3H,  CH,CH(C=O)), 1.05-0.85 (m, 3H),  1.00 (d, 
J =7.0 Hz, 3H,  CH,CHCH,), 0.92 (s, 9H,  SiC(CH,),(CH,),), 0.50-0.44 
(m, l H ,  C(CH,),), 0.15 (s, 3H, SiC(CH,),(CH,),), 0.15 (s,  3H,  
SiC(CH,),(CH,),); "C NMR (125.7 MHz, CDC1,) (r; 217.5, 169.5, 164.4, 
152.3, 138.3, 133.5, 124.5, 119.0, 115.8, 77.4, 74.1, 73.9,44.5, 41.1, 39.1, 35.0, 


HRMS (FAB): calcd for C,,H,,NO,SSi (A4 + Hi)  590.3335, found 
590.3347. 
38: R, = 0.63 (silica gel, 50% EtOAc in hcxanes); [a]? = -71.6 (c = 0.57, 
CHC1,): IR (thin film): V,,, = 2929, 2855, 1738, 1668, 1380, 1254, 1167, 
1105, 1066, 1105, 837 cm-'; ' H N M R  (500 MHz, CDCI,): 6 = 6.93 (s, 1 H, 
ArH), 6.49 (s, l H ,  ArCH=C(CH,)), 5.38 (ddd, J=15.0,  11.5, 4.0Hz, l H ,  
CH=CHCH,),5.26(ddd,J=15.0,7.5,7.0H~,lH,CH=CHCH,),5.11 (dd, 
J =7.5, 7.0 Hz, 1 H, CO,CH), 4.15-4.07 (m, 1 H), 3.87 (d, J = 4.5 Hz, I H), 
3.60-3.50 (m. 2 H), 2.81 (dd, J = 16.5, 1 1.5 Hz, 1 H, CH,COO), 2.70 (s, 3 H, 
CH,Ar),2.57(dd,J=16.5,2.0Hz,1H,CHzCOO),2.42-2.36(m,3H),2.04 
(s, 3H, ArCH=CCH,), 1.93-1.82 (m, 2H), 1.79-1.72 (m, l H ) ,  1.63-1.53 
(m,2H),1.28-1.21 (m, l H ) ,  1.12(d,J=7.0Hz,3H,CH3CH(C=O)), 1.03- 
0.84 (m, 3H),  1.01 (d, J=7 .0Hz,  3H,  CH,CHCH,), 0.93 (s, 9H,  
SiC(CH,),(CH,),). 0.49-0.42 (m, 1 H, C(CH,),), 0.16 (s, 6H, 
SiC(CH,),(CH,),); 13C NMR (125.7 MHz, CDCI,): 6 = 218.8, 169.5, 164.4, 
152.3, 137.8, 134.2, 126.2, 119.4, 115.9, 77.8, 73.8, 73.1,43.0, 41.1, 39.0, 37.6, 
35.1, 33.3, 32.6, 29.6,26.9,25.9, 19.1, 18.1,14.8, 14.2,13.6, 11.5, -3.4, -5.7: 
HRMS (FAB): calcd for C,,H,,NO,SSi (A4 + H + )  590.3335, found 
590.3351. 


cis-Dihydroxylactone 39--desilyiation of compound 27: Silyl ether 27 (62 mg, 
0.105 mmol) in THF (3.0 mL, 0 . 0 3 5 ~ )  was treated with hydrogen fluo- 
ride'pyridine (1.2 mL, 0.1 M) at 0 "C for 30 min. The mixture was allowed to 
warm to room temperature over 28 h, after which time TLC indicated the 
disappearance of starting material. The resulting solution was added drop- 
wise to a mixture of saturated aqueous NaHCO, (20mL) and EtOAc 
(20 mL), and the mixture stirred until effervesence ceased. The two layers 
were then separated, and the aqueous layer again extracted with EtOAc 
(2 x 20 mL). The combined organic phases were washed with NaHCO, 
(30 mL) and brine (30 mL) and dried (MgSO,). Concentration followed by 
flash column chromatography (silica gel, 17 + 50% EtOAc in hexanes) fur- 
nished ci,r-dihydroxylactone 39 (32 mg, 65%). R, = 0.28 (silica gel, 50% 
EtOAc in hexdnes); [XI;' = -105.5 (c = 0.55, CHCI,); IR (thin film): 
3,,,=3465, 2929, 1732, 1675, 1372, 1171, 983, 733cm-': ' H N M R  
(500 MHz, CDCI,): 6 = 6.97 (s, 1 H, ArH), 6.53 (s, 1 H, ArCH=C(CH,)), 


32.8, 31.3,29.6,27.7,25.8,21.2, 19.1, 18.0,15.5, 15.3,14,7, 11.8, -3.0, -5.9; 


5.61 (ddd,.J=10.0,8.5,7.5 Hz, l H ,  CH=CHCH,), 5 .54(dd,J  = 9.0,2.5 Hz, 
l H ,  CO,CH), 5.37 (ddd, J=10.5,  10.5, 5.5Hz, l H ,  CH=CHCH,), 3.87- 
3 .82(m,IH),  3 .67(ddd,J= 9.5,3.5, 3.5Hz, lHL3.62-3.56 (m,2H),2.78 
(dd, J=17.5,  10.0Hz, l H ,  CH,COO), 2.71 (s, 3H, CH,Ar), 2.67 (dd, 
J=17.5, 3.0H2, I H ,  CH,COO), 2.63 (ddd, J=15.0, 9.5, 9.5Hz. l H ,  


CH=CHCH,), 2.38-2.31 (in, 1 H, CH=CHCU,), 2.29-2 20 (m. 1 H, 
CH=CHCH,), 2.07 (s, 3H, ArCH=CCH,), 2.01 1.94 (m. 1 H. 
CH=CHCH,), 1.70-1.50 (m? 2H),  1.48-1.40 (m, 2H) ,  1.48- 1.40 (m, 2H) ,  
1.21 ( d , J = 7 . 0  Hz, 3H,  CH,CH(C=O)), 1.11 ( d d d , J =  9.5, 7.0. 4.0 Hz, 1 H. 
C(CH,),), 1.03 (d, J=7 .0Hz,  3H, CH,CHCH,), 0.99 (ddd, J = 9.5, 6.5. 
4.5 Hz. 1 H, C(CH,),), 0.65 (ddd, .I =10.0, 7.0, 4.5 Hz, 1 H. C(CH,),); "C 
NMR (125.7 MHz, CDCI,)6; 215.4, 171.9, 164.7, 152.1, 136.X. 133.2. 124.7, 
119.7, 116.2,77.3, 75.5. 70.7,45.6, 38.5, 37.5, 34.0. 31.5, 30.4,27.7,27.0. 19.1, 
18.2, 16.6,15.9,15.4, 11.2; HRMS (FAB): calcd for C,,H,,NO,S ( M  + H') 
476.2471, found 476.2482. 


trans-Dihydroxylactone 4O-desilylation of compound 38: Silyl ether 38 
(62 mg, 0.105 niniol). in THF (3.0 mL, 0 . 0 3 5 ~ )  was treated with hydrogen 
fluoride.pyridine (1.2 mL, 0.1 M) at room temperature for 25 h, according to 
the procedure described for cis-dihydroxylactone 39, to yield. after flash 
column chromatography (silica gel, 17 -f 50% EtOAc in hexanes). rrtrns-di- 
hydroxylactone 40 (31 mg, 62%). R, = 0.38 (silica gel. 50% EtOAc in hex- 
anes); [a];, = -72.5 (c = 0.24, CHCI,); IR (thin film): Pmdx = 3502. 2922. 
2852, 1730, 1672, 1456, 1373,1179,976 cm-'; 'HNMR (500 MHz, CDCI,): 
6 = 6.96 (s, l H ,  ArH), 6.53 (s, 1 H, ArCH=C(CH,)). 5.49-5.44 (m. 2H. 
CH=CHCH, and CO,CH), 5.35 (ddd, J=15.0,  7.5, 7 . 5 H ~ .  l H ,  
CH=CHCH,),3.81(m,lH),3.77(d,J=3.0, lH) .3 .72 (qd , J=7 .0 ,2 .5Hz ,  
l H ,  CH,CH(C=O)), 3.67 (m. l H ) ,  3.03 (brs, OH), 2.77 (dd. J=17.5.  
10.5 Hz, 1 H, CH,COO), 2.70 (s, 3H,  CH,Ar), 2.64 (dd. J =17.5, 2.5 Hz. 
1 H, CH,COO), 2.46-2.43 (m, 2H),  2.34-2.27 (m. 1 H), 2.10-2.05 (m. 1 H). 
2 .07(d ,J=1 .5Hz,  3H,ArCH=CCH,), 1.96-1.88 (ni, 1H). 1.79-1.63 (m, 
1H),1.60-1.00(m,3H),1.47(ddd,J=9.5,7.0,4.0Hz,1H,C(CH,),),1.17 
(d, J=7 .0Hz,  3H,  CH,CH(C=O)), 1.11 (ddd. J = 9 . 5 ,  7.0. 4.0Hz. I H ,  
C(CH2),), 1.01 (d, J =7.0Hz, 3H,  CH,CHCH,). 0.97 (ddd, J = 9.5, 7.0, 
4.5 Hz, 1 H, C(CH,),), 0.61 (ddd, J = 9.5, 6.5, 4.0 Hz, 1 H, C(CH,),); "C 
NMR(125.7MHz,CDCl3)6;217.2, 171.8. 164.7, 152.1. 136.9, 134.4. 125.5, 
120.0, 116.3,77.8, 73.9,70.9,44.0, 38.6, 38.1, 37.0. 32.6. 32.3, 29.6, 26.7. 19.1. 
18.7, 15.0, 14.9, 13.9, 11.4; HRMS (FAB): calcd for C,,H,,CsNO,S 
( M  + Cs') 608.1447, found 608.1471. 


4,4-Ethano-epothiione A analogues 3 and 4l+poxidation of cis-dihydroxylac- 
tone 39: To a solution of cis-dihydroxylactone 39 (8.2 mg, 0.017 mmol) in 
acetonitrile (200 pL) and CH,Cl, (100 pL) was added a 0 . 4 m ~  aqueous 
solution of disodium salt of ethylenediaminetetraacetic acid (Na,EDTA, 
150 pL), and the reaction mixture was cooled to O'C. Excess of 1,l.l-tri- 
fluoroacetone (100 pL) was added. followed by a portionwise addition of 
Oxone"' (18.0 mg, 0.029 mmol, 1.7 equiv) and NaHCO, (4.0 mg, 0.048 mmol. 
2.8 equiv) with stirring, until the disappearance of most of the starting mate- 
rial was indicated by TLC. The reaction mixture was then immediately passed 
through a short pad of silica gel with 80% EtOAc in hexanes and concentrat- 
ed. Purification by preparative thin-layer chromatography (250 pm silica gel 
plate. 75 YO EtOAc in hexanes) provided a mixture of diastereomeric epoxides. 
epoxide 3 (or 41) (4.2 mg, SO0/,) and a-isomeric epoxide 41 (or 3) (2.5 mg, 
29 9'0). 


3 (or 41): R, = 0.13 (silica gel, 67% EtOAc in hexanes): [ a l p  = - 89.4 
(c = 0.18, CHC1,); IR (thin film): V,,, = 3472, 2927, 2871, 1739, 1675, 1453, 
1377, 1158, 1091, 985 cni-'; 'HNMR (500 MHz, CDCI,): 6 = 6.98 (s. 1 H, 
ArH), 6.50 (s, I H, ArCH=C(CH,)), 5.69-5.66 (ni, 1 H. CO,CH), 3.87 (d, 
J = 8 . 5 H z ,  l H ) ,  3.86-3.81 (m, l H ) ,  3.56 (dq, J=7.0,  7.0Hz, l H ,  


1 H, CH,CH-O(epoxide)CH), 2.93 (ddd, J = 8.0, 4.0, 4.0 Hz, 1 H. CH,CH- 
O(epoxide)CH), 2.83 (dd, J=17.5,  9.5 Hz. I H ,  CH,COO), 2.72 (dd, 
J=17.5, 3.0Hz. l H ,  CH,COO), 2.71 (s, 3H,  CH,Ar). 2.27 (ddd, J=15.0, 
5.0, 5.0 Hz, I H ,  CH,CH-O(epoxide)CH), 2.12 (s, 3H, ArCH=CCH,), 1.79 
(ddd,J=15.0,8.5,3.5 Hz, lH,CH,CH-O(epoxide)CH), 1.75-1.15(m.SH). 
1.22 (d, 3 H . J  = 6.5 Hz,CH,CH(C=O)), 1.12 (ddd, J =  9.5, 7.0,4.5 Hz, 1 H,  
C(CH,),), 1.06 (d, J=7 .0Hz,  3H,  CH,CHCH,), 1.00 (ddd, J=10.0, 7.0, 
4.5 Hz, 1 H, C(CH,),), 0.72-0.69 (m, 1 H, C(CH,),): I3C NMR (150.9 MHz, 
CDCI,): 6 = 214.5. 171.4. 164.9, 151.9, 135.7, 118.9, 116.3, 76.2, 74.8, 70.5, 
57.2, 53.4, 46.4, 38.7, 36.6, 34.5, 30.3, 30.0, 29.7. 27.2, 24.2, 19.2, 17.7, 16.6, 
16.3, 10.9; HRMS (FAB): calcd for C,,H,,CsNO,S ( M  + Cs')  624.1396, 
found 624.1374. 
41 (or 3): R, = 0.06 (silica gel, 67% EtOAc in hexanes); [XI? = - 43.4 
( c  = 0.13, CHCI,); IR (thin film): i.,,, = 3472, 2924, 2855, 1734, 1677. 1457. 
1376, 1159,1091,1042,983cm~'; 'HNMR(400MHz,CDC13):6 = 6.98(s, 
I H ,  ArH), 6.55 (s, 1 H, ArCH=C(CH,)), 5.61 (dd, J = 9.5, 2.5 Hz, 1 H, 
CO,CH), 3.88-3.84 (m. I H ) ,  3.84-3.81 (m, l H ) ,  3.51 (d, J = 2.5 Hz. 1H). 


CH,CH(C=O)), 3.44 (d, J =  3.0H2, l H ) ,  3.03 (ddd, J =  8.5, 4.5, 4.5Hz, 
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3 .38(dq,J=7.0,7.0Hz,  IH,CH,CH(C=O)), 3.10-3.01 (m, 2H,CH2CH- 
O(epoxide)CH), 2.80 (dd, J=17.0,  8.0Hz, 1 H, CH,COO), 2.70 (s, 3H, 
CH,Ar), 2.68 (dd, J=17.0, 3.5Hz, I H ,  CH,COO), 2.18-2.12 (ddd, I H ,  
J =14.7, 3.0, 3.0 Hz, l H ,  CH,CH-O(epoxide)CH), 2.08 (s, 3H,  
ArCH=CCH,), 2.05-1.95 (m. 1 H, CH,CH-O(epoxide)CH). 1.86-1.75 (m, 
1 H,  CH,CH-O(epoxide)CH), 1.85 (ddd, .I = 14.8, 9.4. 9.4 Hz, 1 H, CH,CH- 
O(epoxide)CH), 1.70-1.15 (m, 6H) ,  1.19 (d, .I = 6.5 Hz, 3H, 
CH,CH(C=O)), 1.12 (ddd, J =  9.5, 7.0, 4.5Hz. I H ,  C(CH,),), 1.03 (d, 
J=7 .0  Hz. 3H. CH,CHCH,), 1.01 -0.97 (m, 1 H, C(CH,),), 0.85-0.75 (m, 
1 H, C(CH,),); 13C NMR (100.6 MHz, CDC1,): 6 = 214.1, 371.9, 166.2, 
152.0, 136.2, 120.7, 116.9, 77.3. 75.8, 69.6, 56.1, 55.0, 45.6. 38.4, 36.3, 34.6, 
31.0. 29.7, 29.3, 27.7. 22.5, 17.4, 16.3, 16.1, 15.0, 10.6: HRMS (FAB): calcd 
for C,,H,,CsNO,S ( M  + Cs') 624.1396. found 624.1376. 


4,4-Ethano-epothilone A analogues 42 and 4Sepoxidation of trans-di- 
hydroxylactone 40: As described in the procedure for the epoxidation of 
cis-dihydroxylactone 39, trans-hydroxylactone 40 (19.0 mg. 0.040 mmol) in 
MeCN (200 pL) and CH,Cl, (150 pL) was treated with a 0 . 4 m ~  aqueous 
solution of Na,EDTA (120 pL), l,l,l-trifluoroacetone (200 pL), OxoneH 
(1  72 mg. 0.280 mmol, 7.0 equiv). and NaHCO, (38 mg, 0.452 mmol, 
11 equiv), to yield, after purification by preparative thin-layer chromatogra- 
phy (250 p n  silica gel plate, 6 %  MeOH in CHCl,), epoxides 42 (or 43) 
(2.1 mg, 11 YO) and 43 (or 42) (6.0 mg, 31 %).  


42 (or 43): R,  = 0.06 (silica gel, 50% EtOAc in hexanes); [a];2 = - 47.1 
( c  = 0.05, CHCI,); IR (thin film): = 3472, 2919, 2850, 1730, 1672, 1460, 
1164 1053, 732 cm- '; 'HNMR (500 MHz, CDC1,): 6 = 6.98 (s, 1 H, ArH), 
6.55 (s, I H ,  ArCH=C(CH,)), 5.54 (dd, .1=10.5, 2.5Hz. 1H,  CO,CH), 
4.07-4.02 (m, 1 H), 3.87-3.84 (m. 1 H), 3.75 id, J = 5.0 Hz, 1 H), 3.25 (dq, 


CH,COO). 2.77-2.75 (m, 1 H, CH,CH-O(epoxide)CH), 2.73-2.69 (m. 1 H, 
CH,CH-O(epoxide)CH), 2.71 (s, 3H, CH,Ar), 2.70 (dd, J =17.5, 3.5 Hz, 
3 H, CH,COO), 2.37-2.34 (m, 1 H), 2.07 (s, 3H,  ArCH=CCH,), 2.07-1.98 
(m, 1 H), 1.95-1.87 (m, 1 H), 1.87-1.78 (m, 1 H), 1.73-0.80 (m. 9H),  1 .I6 (d, 
3H, J = 6.5 Hz, CH,CH(C=O)), 0.98 (d, .I =7.0 Hz. 3H,  CH3CHCH,): 
HRMS (FAB): calcd for C,,H,,CsNO,S ( M  + Cs') 624.1396, found 
624.1377. 
43 (or 42): R, = 0.04 (silica gel, 50% EtOAc in hexanes); [@]A2 = - 87.2 
(c = 0.11, CHCI,); IR (thin film): t,,, = 3493, 2921, 2851, 1736, 1674, 1451, 
1374, 1162, 982, 731 cm- ' ;  'H NMR (500 MHz. CDCI,): 6 = 6.98 (s, 1 H, 
ArH), 6.54 (s, 1 H. ArCH=C(CH,)), 5.49- 5.46 (m, 1 H, CO,CH), 4.06-4.00 
(m, l H ) ,  3.88-3.84 (m, I H ) ,  3.70-3.65 (m, I H ) ,  3.30 (dq, 1H,  J=7 .0 ,  
7.0Hz, I H ,  CH,CIf(C=O)), 2.86 (dd, J=17.5 ,  7.5Hz. l H ,  CH,COO), 
2.82 -2.73 (m, 3H,  CH,CH-O(epoxide)CH and CH,COO), 2.71 (s, 3H, 
CH,Ar), 2.29 (ddd, J = 15.0, 6.5, 4.0 Hz, 1 H, CIf,CH-O(epoxide)CH), 
2.10--2.02 (m. 1 H, CH,CH-O(epoxide)CH), 2.09 (s, 3 H, ArCH=CCH,), 
1.84--1.73 (m, 2H).  1.66-0.82 (m, 9H) ,  1.19 (d. 3H,  .1=7.0Hz, 


J z 6 . 5 ,  6.5Hz, l H ,  CH,CH(C=O)), 2.86 (dd, J=17.5. 7.5H2, I H ,  


CH,CH(C=O)), 1.01 (d, .I= 6.5Hz, 3H,  CH,CHCH,); 13C NMR 
(125.7 MHz, CDCI,): 6 = 214.0, 172.0, 164.9. 152.0, 136.0, 119.5, 116.5,75.7, 
75.0. 69.3, 57.8, 55.0, 44.6, 38.1, 36.2, 34.4, 31.4, 30.0, 29.7, 29.3, 22.2, 19.2. 
16.9, 15.7. 15.2, 10.6; HRMS (FAB): calcd for C,,H,,CsNO,S ( M  + Cs') 
624.1396, found 624.1417. 


Hydroxylactones 44 and 4!Lcyclization of diene 37 by olefin metathesis: As 
described for the cyclizatioii of diene 5, a solution of dime 37 (525 mg, 
0.85 mmol) in CH,CI, (850mL, 0 . 0 0 1 ~ )  was treated with [Ru- 
CI,(=CHPh)(PCy,),J (64 mg, 0.085 mmol, 0.1 equiv), to furnish, after flash 
column chromatography (silica gel. 33 Yo ether in hexanes), cis-hydroxylac- 
tone 44 (88 mg, 18 %) and rrtins-hydroxylactone 45 (284 mg, 58 YO) 
44: R, = 0.70 (silica gel, 50% EtOAc in hexanes); [XI? = - 95.7 (C = 0.44, 
CHCI,); IR (film): Vmdx = 2937,2849.1737.1662,1164,1100,834,777 cm-'; 
' H N M R  (500MHz, CDCI,): 6 = 6.94 (s, I H ,  ArH), 6.44 ( s ,  I H ,  
ArCH=C(CH,)), 5.47- 5.40 (m, 1 H, CH=CHCH,), 5.37--5.31 (m, 1 H, 
CH=CHCH,), 5.25-5.24 (m, l H ,  CO,CH), 4.15-4.08 (m, 1 H), 3.8 (brs, 
IH,CHOH(CHCH,)), 3.61-3.54(m, I H ) ,  3 .47(d,J=10.5Hz,  1H.CHO- 
H(CHCH,)), 2.99 (dd, J =15.5, 12.5 Hz, 1 H, CH,COO), 2.70 ( s ,  3H, 
CH,Ar), 2.56 (dd, J =15.5, 2.5 Hz, 1 H, CH,COO), 2 40-2.30 (m, I H ) ,  
2.18-2.13(m,3H).2.07(s,3H,ArCH=CCH3), 1.70-0.85(m,XH), 1.08(d, 
J = 6 . 5 H z ,  3H,  CH,CH(C=O)). 1.06 (d, J = 7 . 0 H z ,  3H,  CH,CHCH,), 
0.92 is,  9 H ,  SiC(CH,),(CH,),), 0.65-0.56 (m, 1 H, C(CH,),), 0.14 (s. 3H, 
SIC(CH,),(CH,),), 0.13 (s, 3H, SiC(CH,),(CH,),); " C  NMR (125.7 MHz, 
CDCI,): 6 = 219.4. 169.4, 164.4, 352.3, 137.2, 133.2, 124.6. 118.8, 115.7, 77.1, 


76.8, 74.1,43.0,41.2, 37.4, 35.1. 35.0, 32.6, 30.9, 29.6, 27.8, 25.8.23.1, 19.1. 
17.9, 15.8, 15.3, 10.5, -2.9, -6.1; HRMS (FAB): calcd for C,,H,,NO,SSi 
(A4 + H'.) 590.3335, found 590.3355. 
45: R, = 0.71 (silica gel, 50% EtOAc in hexanes); [a lp  = - 86.0 (c =1.75, 
CHCI,); IR (film): = 2928, 2855, 1738, 1664, 1382, 1165. 1103, 1061. 
970, 836, 777 cm- ' ;  'H NMR (500 MHz, CDC1,): 6 = 6.93 (s, 1 H, ArH), 
6.51 (s, I H ,  ArCH=C(CH,)), 5.31 (ddd, . I=15.0,  8.0, 2.0Hz. I H ,  
CEI=CHCH,),~.~~(~~~,J=~~.~,~.~,~.~HZ,IH,CH=CHCH,),~.I~(~~, 
J ~ 1 0 . 5 ,  4.0 Hz, 1 H, CO,CH), 4.17 (4. J = 6.0 Hz, 1 H. CH,CH(C=O)). 
3.81 (m, I H ,  OH),  3.56 (d, J=11.5Hz,  l H ,  (CH,),CCH(OTBS)), 3.39 (d, 
J = 9 . 5 H z ,  I H ,  CHOH(CHCH,)), 2.92 (dd, J=16.0 ,  31.5Hz, I H ,  
CH,COO), 2.69 (s, 3H, CH,Ar), 2.57 (dd, J = 16.0, 2.0 Hz, 1 H, CH,COO), 
2.48-2.33 (m, 3H.  3CH=CHCH,), 2.05 ( s ,  3H. ArCH=CCH,). 1.97-1.89 
(m, I H ,  CH=CHCH,), 1.65-0.90 (m, 8H), 1.05 (d, J = 6 . 0 H z ,  3H, 
CH,CH(C=O)), 1.04 (d, J = 7 . 0 H z ,  3H. CH,CHCH,), 0.92 (s, 9H,  
SiC(CH,),(CH,),), 0.63-0.57 (m, 1 H, C(CH,),), 0.17 (s, 3H. 
SiC(CH,),(CH,),), 0.14 (s, 3H.  SiC(CH,),(CH,),); 13C NMR (125.7 MHz. 
CDCI,): 6 = 219.5, 169.4, 164.4, 152.3, 137.8,133.9.126.1, 119.3.115.9. 77.8, 
75.1, 74.1, 42.5, 40.9, 37.5, 35.4, 35.1, 32.6, 31.6, 29.6, 25.9, 25.7, 19.1, 18.0, 
15.6, 15.0, 14.9, 10.2, -2.9, -6.0; HRMS (FAB): calcd for C,,HS2NO,SSi 
( M  + H t )  590.3335, found 590.3353. 


cis-Dihydroxylactone 4bdesilylation of compound 44: Silyl ether 44 (24 mg, 
0.041 mmol), in THF (1.4mL. 0 . 0 3 ~ ) .  was treated with hydrogen fluo- 
ride.pyridine (0.35 mL, 0.1 M) at room temperature for 15 h, according to the 
procedurc described for cis-dihydroxylactone 39, to yield, after flash column 
chromatography (silica gel, 50 YO EtOAc in hexanes), (mwdihydroxylactone 
46 (30.5 mg, 54%). R, = 0.41 (silica gel, 50% EtOAc in hexanes): 
[%IF = -147.4 (c = 0.62, CHCI,); IR (thin film): t,,, = 3510. 2925, 2855. 
1735, 1672, 1452, 1375, 1244, 1165, 1087, 980, 732cm-'; 'HNMR 
(500 MHz, CDCI,): 6 = 6.97 (s, 1 H, ArH), 6.55 (s, l H ,  ArCH=C(CH,)), 
5.55 (dd,.I = 8.5,2.0 Hz, 1 H, CO,CH), 5.50(ddd,J=10.0, 10.0.6.0 Hz, 1 H, 
CH=CHCH2),5.37(ddd,J=10.0, 10.0,5.5Hz, 1H,CH=CHCH2),3.82(q, 
J=7 .0Hz,  I H ,  CH,CH(C=O)). 3.68 (dd, J=11.5.  3.0Hz, I H ,  
(CH,),CCHOH). 3.62 (1 H, brs, CHOH(CHCH,)), 3.50 (d. J = 10.0 Hz, 
1 H, CHOH(CHCH,)), 3.19 (d, .I = 3.0 Hz, 1 H,  (CH,),CCHOH), 2.82 (dd. 
J=37.0, 11.5Hz, 1H.CH2COO),2.71 (s.3H,CH3Ar),2.70-2.58(m, I H ,  
CH=CHCH,), 2.66 (dd, J=17.0 ,  3.0Hz, I H ,  CH,COO), 2.42-2.35 (m, 
I H ,  CH=CHCH,), 2.21-2.13 (ni, I H ,  CH=CHCH,), 2.12-2.01 (m, IH.  
CH=CHCH,), 2.09 (s, 3H, ArCH=CCfI,), 1.64-1.59 (m, I H ) .  1.54-1.44 
(m, 3H), 1.41-1.35 (m, I H ) ,  1.15-1.00 (m, 3H), 1.11 (d, J=7 .0Hz,  3H. 
CH,CH(C=O)), 1.07 (d, J =  6.5 Hz, 3H,  CH,CHCH,), 0.65-0.61 (m, 1 H, 


136.8. 133.1, 124.5. 119.5, 116.0, 77.3, 74.2, 71.4, 43.8, 39.7, 34.7, 33.8. 32.2, 
31.5, 27.6, 25.3, 19.7, 19.1, 15.8, 15.7, 13.3, 10.6; HRMS (FAB): calcd for 
C,,H,,NO,S (A4 + H') 476.2471, found 476.2485. 


C(CH,),); 13C NMR (125.7 MHz, CDCI,): 6 = 218.4, 171.0, 164.7, 152.1, 


trans-Dihydroxylactone 47-desilylation of compound 45: Silyl ether 45 
(9.0 mg, 0.035 mmol. 1.0 equiv). in THF (0.45 mL, 0 . 0 3 ~ ) ,  was treated with 
hydrogen fluoride.pyridine (0.J 5 mL, 0.1 M) at room temperature for 22 h, 
according to the procedure described for cis-dihydroxylactone 39, to yield. 
after flash column chromatography (silica gel, 50% EtOAc in hexanes), 
(.is-dihydroxylactone 47 (5.5 mg, 76%). R, = 0.43 (silica gel, 50% EtOAc in 
hexanes); [x]p = - 89.1 (c =1.09, CHCI,); IR (thin film): imax = 3485, 
2930, 2856, 1732, 1665, 1374, 1173, 1092, 1014. 974, 732cm-'; 'HNMR 
(500 MHz, CDCI,): 6 = 6.96 (s, 1 H, ArH), 6.54 (s, 1 H, ArCH=C(CH,)), 
5.54 (dd. J = 10.0.4.0 Hz, 1 H,  CO,CH), 5.39 (ddd, J = 15.5,9.0,3.5 Hz, 1 H, 
CH=CHCH2).5.30(ddd,1H,J=15.5,7.5,4.5H~,1H,CH=CHCH,),3.88 
(4, J = 7 . 0 H z ,  I H ,  CH,CH(C=O)), 3.72 (brs, I H ,  OH), 3.63 (brs, I H ,  
O H ) . 3 . 5 8 ( d , J = 1 1 . 5 H ~ ,  IH,(CH,),CCHOH), 3.42(d, J=IO.OHz, I H ,  
CHOH(CHCH,)). 2.82 (dd, J=17.5. 11.5 Hz, I H .  CH,COO). 2.70 (s. 3H, 
CH,Ar), 2.64 (dd, J=17.5,  2.5Hz, I H ,  CH,COO). 2.50-2.41 (m. 2H. 
CH=CHCH,), 2.30-2.22 (m, I H ,  CH=CHCH,), 2.08 (s, 3H, 
ArCH=CCH,). 1.98 dddd, .I = 14.0, 9.5, 9.5, 4.5 Hz, 1 H, CH=CHCH,), 
1.63-1.59 (m, I H ) .  1.52-1.43 (m, 2H),  1.41-1.32 (m, l H ) ,  1.30-1.00 (m, 
4H).  1.11 (d, J = 6 . 5 H z ,  3H,  CH,CH(C=O)), 1.02 (d, J = 6 . 5 H z ,  3H, 
CII,CHCH,), 0.60 (ddd, J =  9.0. 7.0, 4.0 Hz, 1H,  C(CH,),); "C NMR 
(125.7 MHz, CDCI,): 6 = 218.7, 171.6, 164.7, 152.1, 137.0, 134.1, 125.4, 
120.0, 116.3,77.6,75.0,71.7,43.6.39.0, 37.0. 35.0, 33.7.33.0. 32.0.25.4, 20.5, 
19.1, 15.9, 15.1, 13.4, 10.4; HRMS (FAB): calcd for C,,H,,CsNO,S 
(A4 + Cs') 608.1447, found 603.1423. 
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4,4-Ethano-epothilone A analogues 48 and 4 k p o x i d a t i o n  of cis-dihydroxy- 
lactone 46: As described in the procedure for the cpoxidation of cis-dihydrox- 
ylactone 39, cis-hydroxylactonc 46 (1 1 .0 mg, 0.023 mmol) in McCN (200 pL) 
and CH,CI, (300 pL) was treated with a 0 . 4 m ~  aqueous solution of 
Na,EDTA (120 pL), l,l,l-trifluoroacetone (200 pL), Oxone" (114 mg, 
0.185 mmol, 8.0 equiv), and NaHCO, (25 mg, 0.296 mmol, 12.8 cquiv). to 
yield, after purification by preparative thin-layer chromatography (250 pm 
silica gel plate, 17% acetone in CH,CI,), epoxidcs 48 (or 49) (4.0 mg, 39%) 
and 49 (or 48) (4.5 mg, 35%). 
48 (or 49): R, = 0.30 (silica gel, 50% EtOAc in hcxanes); [ a lp  = - 92.1 
(c = 0.14, CHC1,); IR (thin film): = 3468, 2922,2854, 1735, 1668, 1456, 
1378, 1257, 1161, 1093, 980, 733cm-'; 'HNMR (400MHz, CDCI,): 
6 = 6.97 (s, 1 H, ArH), 6.54 (s, 1 H, ArCH=C(CH,)), 5.78 (dd, J =  5.0, 
4.5Hz, IH,CO,CH),4.12(brd,J=l l .OHz,  lH,(CH,),CCHOH), 3.73(q, 


H(CHCH,)), 3.59 (brs, l H ,  OH), 3.51-3.47 (m. l H ,  OH), 3.12 (ddd, 
J = 6.5, 6.5, 4.0 Hz, 1 H, CH,CH-O(cpoxide)CH). 3.00 (ddd, J = 6.5, 6.5, 
4.0Hz, l H ,  CH,CH-O(epoxidc)CH). 2.72 (dd, J=16.0,  11.0Hz, l H ,  
CH2COO),2.70(s,3H,CH,Ar),2.55(dd,J=16.0,2.5Hz, 1 H , C H 2 C 0 0 ) ,  
2.11 (d , J=l .OHz,  3H,ArCH=CCH,), 2.00-1.93 (m,2H),  1.75-1.06(m, 
8H), 1.13 (d, J = ~ . O H Z ,  3H, CH,CH(C=O)), 1.06 (d, J = 6 . 5 H z ,  3H, 
CH,CHCH,), 1.06-0.95 (m, 2H, C(CH,),). 0.71-0.68 (m, 1 H, C(CH,),); 
13CNMR(150.9 MHz, CDCI,): 6 = 218.4, 171.1, 160.5, 152.0, 136.2, 119.7, 
116.5, 75.7, 73.7, 70.1, 56.6, 54.8, 43.3, 39.5, 34.2, 32.4, 31.9, 31.0, 29.7, 26.5, 
21.4, 19.2, 15.8, 15.7, 11.3, 11.2; HRMS (FAB): calcd for C,,H,,NO,S 
( M  + H') 492.2420, found 492.2434. 
49 (or 48): R, = 0.30 (silica gel, 50% EtOAc in hexanes); [a];' = - 98.0 
(c = 0.21, CHCI,); IR (thin film): G,,, = 3460, 2923,2855, 1736, 1669, 1454, 
1378, 1240, 1159, 1040, 977, 733cm-'; 'HNMR (400MHz, CDC1,): 
6 = 6.97 ( s ,  3 H, ArH), 6.59 (s, l H ,  ArCH=C(CH,)), 5.62 (dd, J =  6.0, 
3.5 Hz, 1 H, CO,CH), 4.26 (d, J =10.5 Hz, 3 H, (CH,),CCHOH). 3.87 (brs, 
1 H, OH), 3.71 (d, J = 9.2 Hz, 1 H, CHOH(CHCH,)), 3.64-3.56 (m, 2H,  
CH,CH(C=O) and OH), 3.09 (ddd, J = 6.0, 6.0, 4.0 Hz, 1 H, CH,CH-0- 
(epoxide)CH), 2.97 (ddd, J = 6.0, 6.0, 4.5, 1 H, CH,CH-O(cpoxidc)CH), 
2.70 (s, 3H, CH,Ar), 2.62 (dd, J=15.5,  10.5Hz, l H ,  CH,COO), 2.41 (dd. 
J=15.5,2.5 Hz,1H,CHzCOO),2.13(s,3H,ArCH=CCH,),2.08-1.97(m, 
2H),  1.75-1.03 (m, 8H), 1.09 (d, J = 7 . 0  Hz, 3H, CH,CH(C=O)), 1.07 (d, 
J = 6.5 Hz, 3H, CH,CHCH,), 1.00-0.90 (m. 2H,  C(CH,),), 0.74 (ddd, 
J =  9.5, 7.0, 4.5 Hz, l H ,  C(CH,),); I3C NMR (150.9 MHz, CDC1,): 
b = 217.7, 170.8, 164.9, 152.1, 135.6, 119.9, 116.7, 76.4, 73.6, 69.8, 56.6, 
54.8, 42.6, 39.7, 34.6, 32.7, 30.9, 30.5, 29.7, 28.2, 21.2, 19.2, 17.1, 16.1, 15.8, 
11.2; HRMS (FAB): calcd for Cz,H,,N06S (A4 + H + )  492.2420, found 
492.2431. 


J=7.0 Hz, l H ,  CH,CH(C=O)), 3.62 (d, J =10.0 Hz, l H ,  CHO- 


4,4-Ethano-epothilone A analogues 50 and 51--epoxidation of trans-di- 
hydroxylactone 47: As described in the procedure for the cpoxidation of 
cis-dihydroxylactonc 39, trans-hydroxylactone 47 (20 mg, 0.042 mmol) in 
MeCN (400 pL) and CH,CI, (600 pL) was treated with a 0 . 4 m ~  aqueous 
solution of Na,EDTA (400 pL), l,l,l-trifluoroacetone (250 pL), Oxonc'" 
(207 mg, 0.334 mmol, 8.0 equiv), and NaHCO, (45 mg, 0.538 mmol, 
12.8 equiv), to yield, after purification by preparative thin-layer chromatog- 
raphy (250 pm silica gel plate, 50% EtOAc in bcxancs), epoxidcs 50 (or 51) 
(4.5 mg, 22%) and 51 (or 50) (5.6 mg, 27%). 
50 (or 51): R, = 0.20 (silica gel. 50% EtOAc in hexanes); = - 49.5 
(c = 0.33, CHC1,); IR (thin film): i,,, = 3472, 2923, 2855, 1734, 1666, 1457, 
1374, 1263, 1163, 1089, 981, 910, 731 cm-'; 'HNMR (500MHz, CDCI,): 
6 = 6.99 (s. 1 H, ArH), 6.56 (s, 1 H, ArCH=C(CH,)), 5.49 (dd, J = 9.0, 
2.5H2, l H ,  C02CH), 4.28-4.25 (111, 1 H. (CH,),CCHOH), 3.87 (d, 
J =  3.5H~,lH,OH),3.69(qd,J=7.0,2.0H~,lH,CH,CH(C=O)),3.63(d, 
J = 8.5 Hz, 1 H, CHOH(CHCH,)), 3.59 (br s, 1 H, OH), 2.89 (ddd, J = 5.5 ,  
5.5, 2.0Hz, IH ,  CH,CH-O(cpoxidc)CH), 2.78 (ddd, J =  5.5, 5.5, 2.0Hz, 
1 H, CH,CH-O(cpoxidc)CH), 2.71 (s, 3H,  CH,Ar), 2.63 (dd, J=15.5, 
10.5Hz, l H ,  CH,COO), 2.51 (dd, J=15.5,  2.5Hz, l H ,  CH,COO), 2.15 
(ddd, J = 15.0, 9.0, 6.0 Hz, 1 H, CH,CH-O(epoxide)CH), 2.09 (d, J = 1 Hz , 
3H, ArCH=CCH,), 1.95 (ddd, J = 15.0, 5.0, 2.5 Hz, 1 H, CH,CH-O(cpox- 
idc)CH), 1.66-1.20 (m, 8H), 1.16 (d, J = 7 . 0  Hz, 3H, CH,CH(C=O)), 1.03 
(d, J =  6.5Hz, 3H, CH,CHCH,), 1.02-0.96 (m, 2H, C(CH,),), 0.65-0.61 
(m. 1 H, C(CH,),); I3C NMR (150.9 MHz, CDCI,): S = 217.5, 171.4, 165.0, 
152.0, 136.3, 119.9, 116.6, 76.4, 74.5, 69.5, 57.7, 55.5, 44.0, 39.7, 34.9, 34.6, 
34.9, 32.7, 30.6, 29.7, 22.5, 19.2, 16.2, 15.3, 11.6, 10.6; HRMS (FAB): calcd 
for C,,H,,CsNO,S ( M  + Cs') 624.1396, found 624.1421. 


51 (or 50): R, = 0.15 (silica gel, 50% EtOAc in hcxdncs): [a];' = -73.5 
(c = 0.14, CHCI,); IR (thin film): i~~~~ = 3463, 2917, 2852, 1735, 1668. 1456, 
1377, 1259, 1160, 1095, 910, 734cm-'; 'HNMR (500MHz, CDCI,): 
S = 6.97 (s, 1 H, ArH), 6.55 (s, 1 H, ArCH=C(CH,)), 5.63 (dd. J = 11.5. 
2.5Hz, l H ,  CO,CH), 3.81 (brs, 1H. OH), 3.73 (4, J =7.0Hz, 1H. 
CH,CH(C=O)), 3.69 (d, J=11.0 Hz, 1 H, (CH,),CCHOH), 3.66 (d, 
J = 9.0 Hz, 1 H, CHOH(CHCH,)), 3.38 (brs, 1 H, OH), 2.79 (dd, J = 17.0. 
11.0 Hz, l H ,  CH,COO), 2.73-2.69 (m, 1 H, CH,CH-O(epoxide)CH). 2.70 
(s, 3H. CH,Ar), 2.68-2.64 (m, 2H, CH,CH-O(epoxide)CH and CH,COO). 
2.24 (ddd, J=14.5,  2.5, 2.5 Hz, 1 H, CH,CH-O(cpoxide)CH). 2.08 (d, 
J=1Hz,3H,ArCH=CCH3).2.06-1.99(m,1H),1.93-1.85(m,1H),1.77 
(ddd, J=14.5,  11.5, 8.0 Hz, l H ,  CH,CH-O(epoxidc)CH), 1.72-1.68 (m. 
1H),3.67-1.08(m,5H),1.53(ddd,J=9.5,7.0,4.5Hz,1H,C(CH2),),1.15 
(d, J = 7.0 Hz, 3 H, CH,CH(C=O)), 1.09 (d, J = 7.0 Hz. 3 H, CH,CHCH,), 
0.94 (ddd, J = 9.5, 7.0,4.5 Hz, 1 H, C(CH,),), 0.59 (ddd, J = 9.5,6.5,4.5 Hz, 
1 H, C(CH,),); l3C NMR (125.7 MHz, CDCI,): 6 = 217.9, 171.3. 164.9, 
151.9, 136.2, 120.6, 116.8, 76.7, 73.2, 71.4, 60.0, 57.2, 44.3, 39.3, 35.9, 34.7, 
34.2, 32.5, 32.3, 29.6, 21.5, 19.1, 18.8, 16.1, 14.7, 11.1; HRMS (FAB): calcd 
for C,,H,,CsNO,S ( M  + Cs') 624.1396, found 624.1431. 


Molecular dynamics and minimization calculations (CV Force Field) were 
performed on a SGI Indigo-2 workstation using Insight I1 (Biosym Technolo- 
gies, Inc., San Diego, CA). Pictures were created using AVS (AVS Inc., 
Waltham, MA) and locally developed modules running on a DEC Alpha 
3000/500 with a Kubota Pacific Denali graphics card (we thank Chris Boddy 
and Stefan Brase for their assistance in these modeling studies) 
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Total Synthesis of Oxazole- and Cyclopropane-Containing Epothilone B 
Analogues by the Macrolactonization Approach 


K. C. Nicolaou," Francisco Sarabia, M. Ray V Finlay, Sacha Ninkovic, 
N. Paul King, Dionisios Vourloumis, and Yun He 


Abstract: In order to probe structure-ac- 
tivity relationships in the epothilone area, 
two series of epothilone B analogues have 
been designed and synthesized. The first 
series containing an oxazole moiety in 
place of a thiazole on the side chain was 
constructed by utilizing key intermediates 
7-9 or 10,12, and 13 (Scheme I ) ,  whereas 
the second series containing an ethano 


Introduction 


group instead of the gem-dimethyl group 
at position 4 was synthesized from frag- 
ments 42 and 43. A Yainaguchi-type 
macrolactonization reaction was used to 


Keywords 
epothilone - oxazoles * cyclopropanes 
- total synthesis - macrolactonizations 


construct the inacrocycle from a seco- 
acid, which was assembled, in both cascs, 
by means of a) an aldol reaction, b) an 
Enders alkylation, and c )  a Wittig-type 
reaction. This convergent strategy provid- 
ed access to oxazole analogues 2,4,29-32 
and 4,4-ethano derivatives 3, 40, 60-63 
for biological studies. 


The recent disclosures of the isolation, structural elucidation, 
and biological properties of epothilones, which have been 
shown to be potent tubulin-assembly and microtubulc-stabiliz- 
ing agents," -41 have elicited strong interest in scientific and 
medical circles.[' - 51 The impressive cytotoxic effectiveness of 
epothilone B (1, Figure l),  in particular, against TaxolTM-resis- 
tant tumor and its Taxol-like mechanism of actionL2' l8l 


prompted intense investigations into its total synthesis["* 12. l 4 I  


and analogue design.[". 1 2 ,  14] In the preceding paper['71 we 
described the synthesis of a series of epothilone A analogues 
with oxazole and cyclopropyl groups. In this article we wish to 
describe the chemical synthesis of a series of oxazole- and 4,4- 
ethano-containing analogues of epothilone B ( l ) ,  represented 
by structures 2 and 3, respectively (Figure 1). 


Results and Discussion 


Oxazole-containing analogues of epothilone B: The replacement 
of the sulfur atom in the side-chain heterocycle of epothilone B 
( 1 ,  Figure 1) with an oxygen atom was considered important for 


[*I Prof. Dr. K. C. Nicolaou, Dr. F. Sarabia, Dr. M. K. V. Finlay, Dr. S. Ninkovic. 
Dr. N.  P. King, Dr. D. Vourlournis, Y. Hc 
Departnirnt of Chemistry and 'The Skaggs Institute for Chemical Biology 
The Scripps Research Institute, 10550 North Torrey Pines Road 
La Jolla, California 92037 (USA) 
and 
Department of Chemistry and Biochemistry 
University of California, San Diego 
9500 Gilman Drive, La Jolla, California 92093 (USA) 
Fax: Int. code + (619)784-2469 


1 : X = S : epothilone B 
2: X = 0 : 20-oxa-epothilone B 


3: 4,4-ethano-epothilone B 


Figure 1. Structure and numbering of epothilone B (l), 20-oxd-epothiIone €3 (2) 
and 4,4-ethano-epothilone B (3). 


structure-activity relationships, and, therefore, compounds of 
type 2 (Figure 1) were targeted for synthesis. Scheme 1 depicts 
the retrosynthetic analysis that led to the formulation of the 
strategy for the synthesis of 2 and rclated compounds. Thus, in 
this macrolactonization-based approach,['. 14, ''I it was envi- 
sioned that 2 would be derived by epoxidation of olefinic diol4, 
the assembly of which would rely upon the cyclization of hy- 
droxyacid 5. Sequential disconnection of precursor 5 by a retro 
aldol reaction (to afford 6 and 7) and a retro Wittig condensa- 
tion (to afford 8 and 9) pointed to route a (Scheme 1) as a 
possiblc means of construction. On the other hand, a retro En- 
ders a lkyla t i~n[ '~ '  of 6 unravelled hydrazone 10 and iodide 11 
as potential precursors, whereas further disconnections of 11 by 
a retro Wittig-type olefination led to aldehyde 12 and stabilized 
phosphorane 13 as viable starting materials. 


The implementation of the macrolactonization strategy to- 
wards the oxazole series of epothilones B proceeded along a 
similar path to that developed For the corresponding thiazole 
series of e p o t h i l o n e ~ . ~ ~ ~  1 2 .  141 Scheme 2 shows the stereoselective 
construction of the requisite aldehyde 12 and phosphonium salt 
9 starting with the readily available oxazole derivative 14.r20' 


Chum. Eur. J 1997, 3, No. 12 8 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997 0947-6539/97/0312-1971 $17.50+ 5010 1972 







K. C. Nicolaou et al. FULL PAPER 


0 OH 0 


2: 20-oxa-epothilone B 
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b: Enders 
Asymmetric lr.. ,- allylboraiion 


;-OTBS 


0 OR' 
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COOMe 
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f$ 
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+ 
Wiffig - , olefination 


I 


OR' 
11 


1 Asymmetric - allylboration 


+ 


6R' 
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Scheme I .  Molecular structure and retrosynthetic analysis of 20-oxa-epothilone B 
(2). R' = TBS = SitBuMe,. 


Thus, asymmetric addition of (+)-Ipc,B(allyl) to aldehyde 
14["] (see Scheme 2), as described in the preceding paper,['71 
gave alcohol 15. Silylation of 15 with TBSCI (for abbreviations, 
see legends in schemes) and imidazole gave 99% yield of silyl 
ether 16. Selective dihydroxylation of the terminal olefin in 16 
employing the Upjohn procedure (NMO-OsO, cat.),[221 fol- 
lowed by NaIO, cleavage of the resulting diol led to aldehyde 12 
in excellent yield (93 %). Reduction of the aldehyde group in 12 
with NaBH, (99 YO yield) followed by exposure to Ph,P/I,/im- 
idazole furnished iodide 18 (87% yield) via primary alcohol 17. 


0 
14 


OH 
15 


OTBS 
16 


OTBS OTBS 
1 8 : X = l  17 c 9: X = Ph,P+I- 


I 
OTBS 
12 


Scheme 2. Synthesis of phosphonium salt 9 and aldehyde 12. Reagents and condi- 
tions: a) 1.5equiv of (+)-Ipc,B(allyl), Et,O, -1OO'C, 0.5 h, 91%; b) 1.2equiv 
TBSCI, 1.5 equiv of imidazole, DMF, 0 --* 25 "C, 2 h, 99 YO; c) i. 1 .O mol% OsO,. 
1.1 equiv of 4-methylmorpholine N-oxide (NMO), THF:fBuOH:H,O (1 : I  :O.l), 
0 + 2 5 " C , 1 2  h,95%;ii .  6.0equivofNaIO,,MeOH/H,O(2:1),O'C,0.5 h.98%; 
d) 1.5equivofNaBH4,MeOH,0'C, 15mln ,99%;e)  2.OequivofI2,4.0equivof 
imidazole, 2.0equiv of Ph,P, Et,O:MeCN (3: l ) .  0°C. 0.5h. 87%;  f) 2.0equiv 
Ph,P, neat, 1OO"C, 2 h, 90%. 


Finally, heating of 18 with Ph,P at 100°C gave phosphonium 
salt 9 in 90% yield. 


In order to obtain both the (12E) and (122) isomers of 
epothilone B analogues, we initially undertook the nonstereose- 
lective synthesis depicted in Scheme 3 in which the first step 
involves a Wittig reaction, yielding a 1 : 1 mixture of geometrical 
isomers. Thus, generation of the ylide from phosphonium salt 9 
by the action of NaHMDS in THF at -2O"C, followed by 
addition of ketone 8,[14] furnished compound 19 in 68 % yield 
as a 1 : 1 mixture of ( E ) / ( Z )  isomers. Preparation of the desired 
aldehyde 6 from 19 required selective desilylation of the pri- 
mary hydroxyl (CSA, CH,CI,/MeOH, 0 - 25 "C, 
92% yield) and oxidation of the resulting alcohol (20) with 
SO, ,pyridin~/DMSO/Et,N[*~~ (98 % yield). 


The condensation of aldehyde 6 (mixture of (12E) and (122) 
geometrical isomers, Scheme 3) with the anion derived from 
ketone 71'41 (LDA, THF) proceeded smoothly at -78°C to 
afford a mixture of diastereomeric aldols 21' and 22' (ca. 4:l 
ratio) in 73 % combined yield. Chromatographic separation (sil- 
ica, preparative layer) led to pure 21' and 22, each consisting of 
( E )  and (2) geometrical isomers (ca. 1:l) .  Only the (6R,7S) 
diastereoisomer 21' (less polar mixture of A", l 3  geometrical 
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a 


9 b r 19: X = H, OTBS 
c 20: X = H, OH 


6': X = 0 
OTBS 


o OTBS 
I 


7 


isomers) was taken forward (polarity and comparison with the 
natural series was used as a guide to choose the desired (6R,7S) 
diastereoisomer at this stage). The geometrical isomers were 
separated after the macrolactonization reaction (vide infra) . 


The next task in the synthesis was to prepare hydroxyacid 5' 
(Scheme 3). To this end, the hydroxyl group in 21' was silylated 
(TBSOTf-2,6-lutidine, 97 %) to afford tetra(sily1 ether) 2 3  and 
selectively deprotected at the primary position by exposure to 
CSA in MeOH/CH,CI, at 0 -+ 25 "C leading to 2 4  (85 YO yield). 
A stepwise protocol was used to oxidize primary alcohol 
2 4  to the desired carboxylic acid: 1) (COCI),/DMSO/Et,N, 
- 78 + 0 "C, yielding aldehyde 25' (94 % yield) and 2) NaC10,/ 
2-methyl-2-butene, NaH,PO,, furnishing acid 2 6  (99 % yield). 


Selective desilylation at the allylic position with TBAF 


c 27: R = TBS c 28: R = TBS 
4: R = H  29: R = H  


l m  


2 31 
+ t 


30 32 


Scheme 3. Total synthesis of 20-oxa-epothilone B (2) and analogues. Reagents and 
conditions: a) 1.2 equiv of 9,  1.2 equiv of NaHMDS. THE 0°C.  15 min, then add 
1.0equivofketoneS. -2O"C, 12h, 68% ((Zj:(Ejca. 1:l) ;  b) LOequivofCSA, 
CH,CI,:MeOH ( l : l ) ,  0"C, 0.5h; then 2 S ' C ,  1.0h. 92%; c) 2.0equiv of 
SO,.pyridine, 10.0 equiv ofDMSO, 5.0 equiv ofEt,N, CH,CI,, 2 5 T ,  0.5 h, 98%; 
d) 1.2equivofLDA,THF.OoC, ISmin;then1.2equivof7inTHF, -78'C, 1.5 h; 
thenl .Oequivof6inTHFat  -78'C, 15min,59%of21'and14"hofits(6S,7R)- 
diastereoisomer 2 2  (ca. 4: 1 ratio); e) 1.5 equiv of TBSOTf, 2.0 equiv of 2.6-Iu- 
tidine, CH,CI,, O'C, 1 h, 97%; f )  1.0 equiv of CSA portionwise over 0.5 h, 
CH,C1,:MeOH(l:Ij,O +25"C, 1.0 h, 85%;gj 2.0equivof(COC1),.4.0equivof 
DMS0,6.0rquivofEt3N, CH,CI,, -78+O"C, 1.5h,Y4%; hj  6.0equivofNa- 
CIO,, 10.0 equiv of 2-methyl-2-butene, 3.0 equiv of NaH,PO,, tBuOH:H,O (5 :  l ) ,  
O T ,  15min., 99%;i )  6.0equivofTBAF,THF,2SLC, 10h ,78%; j )  1.3equivof 
2,4,6-trichlorobenzoyl chloride, 2.2 equiv of Et,N, THE 0 ° C  0.5 h; then add to a 
solution of 2.0 equiv of 4-DMAP in toluene ( 0 . 0 0 2 ~  based on 5 ) .  25 "C, 12 h, 35 Yo 
of27; and 42% of 28; k) 20% HF.pyridine (by volume) in THF, 25 'C, 24 h, 6 2 % ;  
I) same as step k, 82%; m) 2.0equiv of n?CPBA, CHCI,, 0 ° C  3 h, 40% (2~30 ca 
5.1 ratio of diastereoisomers); n) same as step m, 45% (31:32 ca 5.1 ratio of 
diastereoisomersj . 


Yamaguchi macrolactonization of 5' as in the natural 
series (2,4,6-trichlorobenzoyl chloride/Et ,N/4-DMAP, 


high dilution, 25 oC),['51 followed by preparative thin-layer 
chromatography (silica, 20 % ether/hexanes) led to lactones 27 
(R, = 0.24, 35 YO) and 28 (R, = 0.20, 42 "A). The identity of 27 
was proven by comparison with an authentic sample prepared 
by a stereoselective route (see Scheme 5 and following discus- 
sion). Deprotection of 27 and 28 was carried out with 
HF.pyridine in THF[261 at 25 "C aiid furnished diols 4 (62% 
yield) and 29 (82% yield), respectively. Finally, epoxidation of 
4 and 29 with mCPBA in CHCI, at 0°C furnished the corre- 
sponding M -  and j-epoxides (2+30, 40% total yield, ca. 5: 1 


COOMe COOMe 


OTBS a *$- OTBS \ N  


1 3 d P P h 3  


12 33 


t 
I 


cc 34:X=OH 
f~ 37: R = OH I/ 


I l : R = l  N dr- - 35:x=cl  36: X = H 


1 ,-J 0 ""OMe 


1 4  10 


N OTBS 
( >"'3' OMe u 


38 39: R = CN 
jC 6:R=CHO 


Scheme 4. Stereoselective synthesis of aldehyde 6 for 20-oxa-epothilone B ( 2 ) .  
Reagents and conditions: a) 3.0equiv of 13, benzene, reflux, 1 h, 90%; 
h) 3.0 equiv of DIBAL, CH,CI,, -78'C, 3 h, 99%: c) 2.5 equiv of Ph,P, CCI,, 
reflux, 24 h, 81 %: d) 2.0 equiv of LiEt,BH. THF, 0°C. 1 h, 97%;  e) 1 . 1  equiv of 
9-BBN, THE 0 'C, 2 h, 92%; f )  2.5 equiv of I,, 5.0 equiv of imidazole, 2.5 equiv of 
Ph,P.Et,O:MeCN (3:1),0"C,O.Sh,89%; g) 1.3eqmvofl0,  1.4equivofLDA. 
THF, O"C, 16h;  then 1.0equiv of 11 i n  THF, -100- - 2 0 ° C  10h. 86%; 
hj 2.5 equiv of monoperoxyphthalic add, magnesium salt (MMPPj, MeOH/phos- 
phatebufferpH 7(2:1),0"C. 1 11,46%;1) 2.0equivDIBAL, toluene, -78"C.I h. 
84%. 
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ratio, and 31 +32, 45 % total yield, ca. 6: 1 ratio). The stereo- 
chemical assignments shown in Scheme 3 for these compounds 
are tentative and are exclusivcly based on comparisons with the 
series related to natural epothilone B (l).[1z3 


l 3  series of the oxazole- 
containing epothilones (4, 2, and 30) was also developed and is 
shown in Schemes 4 and 5. Thus, the desired geometry of the 


position was fixed by condensation of the stabilized ylide d l 2 . 1 3  


13[271 (Scheme 4) with aldehyde 12 (benzene, A) ,  a reaction that 
led to 90 YO yield of compound 33. Subsequent reduction of the 
ester group of 33 (DIBAL, CH,CI,, - 78 "C, 99% yield), chlo- 
rination (Ph,P, CCI,, A,  81%), and further reduction (Li- 
Et,BH,'28] THF, 0 "C, 97% yield) furnished intermediate 36 via 
allylic alcohol 34 and chloride 35. Selective hydroboration of 36 
at the terminal olefin site was achieved by the use of 9-BBN, and 
after oxidative workup, primary alcohol 37 was obtained in 
92% yield. Conversion of 37 to iodide 11 was subsequently 


A stereoselective synthesis of the 


A O T B S ,  


0 OTBS 0 OTBS 


7 6 - 
' RO && OTBS 


HO&6 ',,. OTBS 


0 OR2X 0 OR'X 


21: R' = H, R2 = TBS, X = H, OTBS 22: RZ = TBS, X = H, OTBS 
bc 23: R' = R2 = TBS, X = H, OTBS 'c 24: R' = R2 =TBS, X = H, OH 


i 


TBSO @&- TBSO&;& OH 


. COOH +," 
OTBS .___ 


: cox 


e~ 25: X = H 


\/.' 


o OTBS 0 OTBS 


i g  26: X = O H  


2 27: R = TBS 


Scheme 5 .  Stereoselective total synthesis of 20-oxa-epothilone B (2).  Reagents and 
conditions: a) 1.4 equiv of LDA, THF, 0 'C, 15 min; then 1.4 equh of 7 in THb, 
-7X"C, 2 11; then I.0equiv of 6 in T H F  at -78 C. 59% of 21 and 14% of its 
(6S,7Rj diastereoisomer 22 (ca. 4: 1 ratio, 73 %): h) 1.6 equiv of TBSOTf, 2.0 equiv 
of 25-lutidine. CH,CI,. 0"C, 2 h. 93%; c) 1.0 equiv of CSA portionwise over 
5min,CH,CI,:MeOH (1 : l ) .  - 5 ' C ,  3 h ,9S%;d)  2.0equivof(COCI),. 4.0equiv 
of DMSO, 6 0 equiv of Et,N, CH,CI,, -78 + 0 'C. 2.5 h, 80%; e) 6.0 equiv of 
NaClO,, 44.0 equiv of 2-methyl-2-butene, 3.0 equiv of NaH,PO,. rBuOH:H,O 
(5:l) .  25'C. 1 h. 97%: f )  6.0equiv ofTBAF, THE 2 5 ° C  8 h, 65%; gj 1.3 equiv 
of2.4,h-trichlorohenzoyl chloride. 2.2 equiv ofEt,N, THF, 0 '  C, 1 h;  then add to a 
solution of 2.0 equiv of 4-DMAP in toluene (0.002 M based on 5 ) .  25 'C, 10 h. 70%. 


carried out by the standard I,/imidazole/Ph,P procedure (89 Yo 
yield). The iodide 11 was then used to alkylate the SAMP hydra- 
zone (LDA, THF, - 100 -+ - 20°C), furnishing hydra- 
zone 38 in 86% yield. The latter compound was then trans- 
formed to nitrile 39 (MMPP, MeOH/phosphate buffer pH 7, 
0 'C ,  46% yield), and thence to aldehyde 6 (DIBAL, toluene, 
-78'C, 84% yield).[301 


The aldol condensation of the lithio derivative of 7 with 
stereochemically homogeneous aldehyde 6 (Scheme 5) proceed- 
ed in a similar fashion to the case of the ( E ) / ( Z )  mixture de- 
scribed above, leading to pure compounds 21 and 22. After 
chromatographic separation, the pure (6R,7S) diastereoisomer 
21 [tentative assignment of stereochemistry based on polarity 
(less polar) and comparison to the natural series] was taken 
through the sequence, and on to the final products 21,2, and 30 
as detailed in Scheme 5. 


The 4,4-ethano series of epothilone B analogues: The 4,4-ethano 
analogues of epothilones B were designed in order to test the 
tolerance of the receptor site for the substitution of the gem- 
dimethyl group in the natural substance. As the retrosynthetic 
analysis of Scheme 6 succinctly shows, the requisite fragments 


3: 4,4-ethano-epothilone B 


r/ 


40 41 


a 
Enders 


Asymmetric alkvlation 


/ 
I1 - I  


0 OR' 


I- . 
~ ,- allylborafion 


/-.-,OTBS 
+ 0 4  ..,, 


OR' 
43 42 


Scheme 6. Molecular structure and retrosynthetic analysis of the 4.4-ethano ana- 
logue of epothilone B (3). R' = TBS = SirBuMe,. 


for the synthesis of the designed 4,4-ethano-epothilone B (3) 
and its relatives, are defined as fragments 42 and 43. The synthe- 
sis of building block 42 has already been described[l4I in connec- 
tion with a stereoselective total synthesis of epothilone B ( l ) ,  
whereas that of building block 43 is shown in Scheme 7. 


Thus, the ketocydopropane derivative 44 (Scheme 7), de- 
scribed in the preceding article," was subjected to ozonolysis 
and subsequent reduction with Ph,P to afford aldehyde 45 in 


~~~~ 
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o OTBS 0 OTBS o OTBS 


44 45 


Scheme7. Synthesis of ketone 43. Reagents and conditions: a) O,, CH,CI,, 
-78'C. 0.5h; then l.2equiv Ph,P, -78-25°C. 1 h, 90%; b) 1.lequiv of 
LiAl(OtBu),H, THF, -7X + 0 "C, 15 min; c) 2.0 equiv of TBSCI, 3.0 equiv of 
Et,N, 0.02 equiv of 4-DMAP, CH,CI,, 0 4 25 'C, 12 h. 83% for 2 steps. 


90 YO yield. Further reduction [LiAl(OtBu),H, THF, - 78 "C], 
followed by silylation of the resulting primary alcohol 46 
(TBSCI, Et,N, 4-DMAP) furnished ketocyclopropane fragment 
43 in 83 Yo overall yield. 


Scheme 8 details the coupling of fragments 43 and 42 and 
the assembly of a series of 4,4-ethano-epothilone B analogues. 
Thus, generation of the lithium enolate of ketone 43 with 
LDA in THF at - 78 + - 60 "C, followed by addition of alde- 
hyde 42 resulted in the formation of aldols 47 and 48 in ca. 1 : 2 
ratio and 71 '/o total yield. Stereochemical assignments were 
based on a X-ray crystallographic analysis of a subsequent in- 
termediate (59), and will be discussed below. The difference in 
the ratio of aldol products between fragments 43 (ca. 1:2, 
Scheme 8) and 7 (ca. 4:1, Scheme 5) is rather striking, and 
it may have its origin in the effect of the cyclopropane ring 
on the lransition state of the reaction. The two diastereomeric 
aldol products 47 and 48 were chromatographically separated 
(silica, flash column chromatography) and processed separately 
in order to obtain both the (6S,7R) and (6R,7S) series of com- 
pounds. 


Thus, stereoisomer 47 (Scheme 8) was silylated with TBSOTf 
and 2,6-lutidine affording tetra(sily1 ether) 49 in 92 YO yield, 
and then exposed to the action of CSA in CH,CI,/MeOH 
at 0 + 25 "C to give hydroxy tris(sily1 ether) 51 (74% yield) 
in which only the primary hydroxyl group was liberated. 
Stepwise oxidation of 51 with 1) (COCl),, DMSO, Et,N, 
- 78 -+ 0 "C (96 YO yield) and 2) NaClO,, 2-niethyl-2-butene, 
NaH,PO, (91 YO yield) gave sequentially aldehyde 53 and 
carboxylic acid 55. Selective desilylation of 55 with TBAF in 
THF at 25°C furnished the desired hydroxyacid 41 in 62% 
yield. 


The intended macrolactonization of 41 was accomplished by 
the Yamaguchi method (2,4,6-trichlorobenzoyl chloride, Et,N, 
4-DMAP, toluene, 25 "C, high dilution) ,[2s1 furnishing com- 
pound 58 in 70% yield. Exposure of 58 to HF'pyridine in THF 
at 25 "C resulted in the removal of both silyl groups, leading to 
diol40 in 92 YO yield. Finally, epoxidation of 40 with methyl(tri- 
fluoromethyl)dioxirane[' 2 ,  in MeCN resulted in the for- 
mation of epothilone B analogues 3 and 61 in ca. 8 : 1 ratio (by 
'H NMR) and 86% total yield. Preparative thin-layer chro- 
matography (silica, 5 %  MeOH in CH,Cl,) gave pure 
epothilone B analogues 3 and 61. 


The same chemistry was performed with diastereoisomer 48 
(Scheme 8) leading to epothilone B analogues 60,62, and 63 via 
intermediates 50,52,54, 56,57, and 59 in similar yields to those 
described for 47. The latter compound (59) crystallized as long 
needles from MeOH/EtOH (m.p. 157 "C) and yielded to X-ray 
crystallographic analysis, which revealed its stereochemical 
structure (see ORTEP drawing in Figure 2).',,' 


43 42 
I I 
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bjl 47: R' = H R2 = TBS, X = H, OTBS ,,c 48: R' = H R' = TBS. X = H, OTBS 
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53: R = T B S , X = H  54: R = TBS, X = H 


"55: R=TBS,X=OH jC56: R=TBS,X=OH 
' L 4 1 :  R = H ,  X = O H  k c 5 7 :  R = H ,  X = O H  


RO 


c 58: R = TBS 
40: R = H  


Ip 
c 59: R = TBS 


60: R = H  


I q  


3 
+ 


62 
+ 


HO \1' @&- 0 
HO&;& 0 


0 OH 0 0 OH 0 
61 63 


Scheme 8. Total synthesis of 4,4-ethano analogues of epothilone B. Reagents and 
conditions: a) 1 .5 equiv of LDA, THF, 0 "C, 15 min; then 1.4 equiv of 43 in THF, 
- 7 8 + - 6 0 " C . l  h ; thenl .Oequivof42inTHFat  - 7 8 " C . 2 4 % o f 4 7 a n d 4 7 %  
of its (6S,7R) diastereoisomer 48 (ca. 1 :2 ratio); b) 1.2 equiv of TBSOTf, 2.0 equiv 
of 2,6-lutidine, CH,CI,, O ' C ,  2 h, 92%;  c) 1.0 equiv of CSA portionwise, 
CH,Cl,:MeOH (1:l) .  0 + 2 5 T ,  0.5 h, 74%;  d) same as step b. 89%; e) same as 
step c, 60%;  f )  2.0equiv of (COCI),, 4.0equiv of DMSO, 6.0equiv of Et,N, 
CH,Cl,, -78 -OcC,1 .0h ,96%;g)  sameasstepf,69%,h) 6.0equivofNaCI0,. 
10.0 equiv of2-methyl-2-butene. 3.0 equiv of NaH,PO,. fBuOH:H,O (5:1), 25 'C. 
0.5 h, 91 %; I )  6.0 equiv of TBAF, T H E  25 "C, 8 h, 62%; j) same as step h, 99%;  
k) same as step I, 50%; 1) 1.1 equiv of 2,4.6-trichlorobenzoyl chloride, 2.2 equiv of 
Et,N, THF. O'C, 1 h ;  then add to a solution of 2.0 equiv of 4-DMAP in toluene 
( 0 . 0 0 2 ~  based on 41). 25 'C, 3 h. 70%;  m) same as stepl, 72%; n) 20% 
HF.pyridine (by volume) in T H E  0 + 25 'C, 24 h, 92%; 0) same as step n, 90%; 
p) methyl(trifluoromethyI)dioxirane, MeCN, 0 "C, 86% (3:61 ca. 8:  1 ratlo of 
diastereoisomers); q)same as step p. 89% (62:63ca. 2: 1 ratio ofdiastereoisomers). 
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Figure 2 ORTEP view of compound 59 


Conclusion 


In this article, we have described the total synthesis of a series of 
epothilone B (1) analogues in which either the sulfur atom of the 
sidc-chain heterocycle of the natural substance was replaced by 
an oxygen atom (the oxazole series) or the 4,4-gern-dimethyl 
moiety was substituted with a 4,4-ethano system (4,4-ethano or 
4-spirocyclopropyl series). Biological investigations with these 
compounds reported elsewhereL3 21 added important informa- 
tion to our knowledge of structure-activity relationships within 
the epothilone family of compounds. These revealed 
potent tubulin polymerization abilities and cytotoxicitics for 2 
and some of its relatives, whereas thc 4,4-ethano-epothilones 
proved inactive in these assays. 


Experimental Section 


General Techniques: See preceding article."" 


Compound lbsi lylat ion of alcohol 15: Alcohol 15["' (6.4 g, 0.033 mol) was 
dissolvcd in DMF (35 mL. 1 . 0 ~ ) .  the solution was cooled to 0°C and imid- 
azole (3.5 8, 0.050 mol, 1.5 equiv) was added. After stirring for 5 min, terr- 


butyldimethylsilyl chloride (6.02 g? 0.040 mol, 1.2 equiv) was added portion- 
wise and the reaction mixture was allowed to stir at 0°C for 45 min, and then 
at 25 "C for 2.5 h, after which timc no starting alcohol was detected by TLC. 
Methanol (2mL) was added at O'C, and the solvent was removed under 
reduced pressure. Ether (100 mL) was added, followed by saturated aqueous 
NH,C1 solution (20 mL), the organic phasc separated, and the aqueous phase 
extracted wlth ether (2 x 20 mL). The combined organic solution was dried 
(MgSO,) and filtered over Celite, and the solvents were removed under 
reduced pressure. Flash column chromatography (silica gel, 10 + 20% ether 
in hexanes) provided pure 16 (10.0 g. 99%): R, = 0.65 (20% ether in hex- 
anes); [a];, = - 2.10 (c =1.3, CHCI,); IR (thin film): GmaX = 2937, 2859, 
1586,1459,1381,1313,1244,1079,91S,830,776cm~i; 'HNMR(500 MHz, 
CDCI,): 6 =7.45 (s. 1 H, OCH=C), 6.18 (s, 1 H, CH=CCH,), 5.79--5.73 (m, 


J=17.0,2.2, l.1Hz,1H,CH=CH,),4.14(t,J=6.3Hz,1H,CHOSi),2.44 
(s, 3H. N=C(O)CH,), 2.35-2.31 (m, l H ,  CH,=CHCH,), 2.31-2.23 (m, 
IH,CH,=CHCH,), 1.86(s,3H,CH=CCH,),0.88(s.9H,SiC(CH3),),0.05 
(s. 3H. Si(CH,),), -0.01 (s, 3H,  Si(CH,),); "CNMR (125.7 MHz, CDCI,): 
6 =160.5. 241.7, 137.9, 135.0, 116.5, 115.0, 77.9, 41.2, 25.7, 18.1, 14.1. 13.7, 
-4.8, -5.1: FAB HRMS (NBA): rnje = 308.2057, M + H +  calcd for 
C, 7H,,N0,Si 308.2046. 


Aldehyde 12dihydroxylation of olefin 16 and 1,2-glycol cleavage: Olefin 16 
(14.0 g, 45.5 mmol) was dissolved in THFItBuOH (1 : 1, 500 mL) and H,O 


lH,CH=CH,),5.03(ddd,J=17.0,2.0,1.4H~,lH,CH=CH,),4.99(ddd, 


(50 mL). 4-Methylmorpholine N-oxide (NMO) (5.8 g, 50.0 mmol, 1.1 equiv) 
was added at O'C,  followed by OsO, (4.55mL, solution in tBuOH, 
1.0 mol%, 2.5% by weight). The mixture was vigorously stirred for 2 5 h at 
0'C and then for 12 h at 25°C. After completion of the reaction, Na,SO, 
(6.0 g) was added at 0 ° C  followed by H,O (100 mL). Stirring was continued 
for another 30 min and then EtOAc (1 L) was added, followed by saturated 
aqueous NaCl solution (2 x 100 mL). The organic phase was separated, and 
the aqueous phase extracted with EtOAc (2 x 100 mL). The combined organ- 
ic extracts were dried (MgSO,) and filtered, and the solvents were removed 
under reduced pressure. Flash column chromatography (silica gel, EtOAc) 
providcd 14.72 g (95%) of the expected 1.2-diol as a 1 : 1 mixture of diaster- 
eoisomers: R, = 0.65 (silica gel, EtOAc); IR (thin film): G,,, = 3380. 2950, 
2873, 1585, 1465, 1460, 1253, 1106, 1074, 837, 777cm- ' ;  'HNMR 
(500 MHz, CDCI,): 6 = 7.50 and 7.46 (singlets, 1 H total, OCH=C), 6.30 and 
6.22 (singlets, I H total, CH=CCH,), 4.45-4.42 (m. 1 H). 3.95-3.84 (m, 
1 H), 3.60-3.56 and 3.48-3.43 (m, 4H total), 2.44 (s, 3H. N=C(O)CIi,). 
1.87 and 1.86 (s, 3H), 1.80-1.79 and 1.70 1.67 (m. 2H total), 0.90 and 0.87 
(singlets, 9 H  total, SiC(CH,),), 0.09. 0.08, 0.02 and -0.01 (singlets. 3H 
total, Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 =160.7, 141.3, 141.2, 
137.8. 137.5, 135.2, 135.1, 115.7, 114.7, 77.9, 75.1, 70.6, 68.8,66.8, 66.5, 38.9. 
38.5, 25.7, 25.6, 18.0, 17.9, 14.9, 13.9, 13.7, 13.6, -4.7, -4.9, -5 .3 ,  -5.4: 
FAB HRMS (NBA/Nal): m/e = 364.1909. M+Na '  calcd for C,,H,,NO,Si 
364.1920. 
The diol obtained from 16 as described above (5.0 g, 14.6 mmol) was dis- 
solved in MeOH/H,O (2:1, 165mL. 0 . 0 9 ~ )  and cooled to 0 'C.  NalO, 
(18.8 g, 87.9 mmol, 6.0 equiv) was then added portionwise over 10 min, and 
the mixture was vigorously stirred for 30 min at 0'C. After completion of the 
reaction, the mixture was diluted with water (200 mL) and extracted with 
ether (3 x 100 mL). The combined organic extracts were dried (MgSO,) and 
filtered, and the solvents were removed under reduced pressure. Flash column 
chromatography (silica gel, 20V0 ether in hexanes) provided pure aldehyde I2 
(4.4 g, 98%): R, = 0.76 (silica gel, 50% ether in hexanes); [XI;' = -19.2 
(c = 0.7, CHCI,); IR (thin film): Gmzx = 2929, 2873, 1726, 1586, 1255, 1096, 
837, 778 cm-'; ' H N M R  (500 MHz, CDCI,): 6 = 9.77 (dd, J = 2.5, 2.4 Hz. 
I H ,  CHO). 7.47 (s, I H ,  OCH=C), 6.30 (s, IH,  CH=CCH,), 4.66 (dd. 
J = 5 . 2 ,  3.9Hz. I H ,  CHOSi), 2.70 (ddd, J=15.7,  8.2, 2.9Hz. I H ,  
CHOCH,), 2.47 (ddd, I =15.7, 4.0, 2.0Hz. I H ,  CHOCH,), 2.44 (s, 3H. 
N=C(O)CH,), 1.91 (s, 3H, CH=CCH,), 0.87 (s, 9H, SiC(CH,),), 0.06 (s, 
3H, Si(CH,),), 0.01 (s, 3H,  Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 


-4.8, -5.4; FAB HRMS (NBA): rnjr = 310.1828, M + H +  calcd for 
C,,H,,NO,Si 310.1838. 


Alcohol 17-reduction of  aldehyde 12: A solution of aldehyde 12 (4.0g. 
12.92 mmol) in MeOH (120 mL, 0.1 M) was treated with NaBH, (736 mg, 
19.38 mmol, 1.5 equiv) at 0 "C for 15 min. The solution was diluted with ether 
(300 mL). and then saturated aqueous NH,C1 solution (100 mL) was careful- 
ly added. The organic phase was washed with brine (100 mL), dried (Mg- 
SO,), and concentrated. Flash column chromatography (silica gel, 50% ether 
in hexanes) gave alcohol 17 (4.0 g, 99%) as a colorless oil. 17: R, = 0.30 
(silica gel, 50% ether in hexanes); [ m ] h 2  = - 31.7 (c = 0.9, CHC1,); IR (thin 
film): i.,,, = 3388,2956,2871,1582,1485,1382,1320,1252,1085,1014.835, 
777cm-I; 'HNMR (500 MHz, CDC1,): 6 =7.46 (s. 1 H, OCH=C), 6.25 (s, 
1H,CH=CCH3),4.37(dd,J=7.5,5.4Hz,1H,CHOSi),3.73-3.70(m.2H, 
CH,OH), 2.44 (s, 3H, N=C(O)CH,), 2.39 (s, 1 H, OH), 1.89 (s, 3H. 
CH=CCII,), 1.86-1.82 (m. 1 H, CH,CH,OH), 1.79- 1.74 (m, l H ,  
CH,CH,OH), 0.89 (s, 9H, SiC(CH,),), 0.09 (s, 3H,  Si(CH,),). 0.01 (s, 3H. 
Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 =160.9, 141.3, 137.9, 135.2. 


(NBA!NaI): m/e = 334.1825, M t  Na' clllcd for C,,H2,N0,S~ 334.1814. 


Iodide IGiodination of alcohol 17: A solution of alcohol 17 (3.90 g. 
12.52inmol) in ether:MeCN ( 3 ~ 1 ,  80mL, 0 . 1 6 ~ )  was cooled to 0°C. Imid- 
arole (3.40 g, 50.08 mmol, 4.0 equiv), Ph,P (6.57 g, 25.04 mmol, 2.0 equiv), 
and iodine (6.35 g, 25.04 mmol, 2.0 equiv) were sequentially added, and the 
mixture was stirred for 0.5 h at 0°C.  A saturated aqueous solution of 
Na,S,03 (50 mL) was added, followed by the addition of ether (200 mL). 
The organic phase was washed with brine (50 mL) and dried (MgSO,). and 
the solvents were removed under vacuum. Flash column chromatography 
(silica gel, 30% ether in hexanes) gave pure iodide 18 (4.60 g. 87%) as a 
colorless oil: R, = 0.62 (silica gel, 50% ether in hexanes); [ti];' = + 6.3 
(c  = 0.7, CHCI,); IR (thin film): G,,, = 2954, 2857, 1586, 1462. 1386, 1315, 


6 = 201.4,161.2, 140.1, 137.6, 135.5, 115.5, 73.5.49.9, 25.6. 18.0, 14.2. 13.7. 


115.0, 76.9, 60.2, 37.9, 25.7, 18.0, 14.5, 13.7, -4.8, -5.4; FAB HRMS 
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1254,1169,1080,933,835,776 cm-'; 'HNMR (500 MHz, CDC1,): 6 =7.46 
(s, I H ,  OCH=C), 6.25 ( s ,  I H ,  CH=CCH,), 4.20 (dd, J=7.6,  4.5 Hz, I H ,  
CHOW, 3.21-3.14 (in, 2H, CH,I), 2.44 (s, 3H, N=C(O)CH,), 2.11-2.04 
(m, 1H,  CH,CH,I), 2.01-1.94 (m, I H ,  CH,CH,I), 1.87 (s, 3H, 
CH=CCH,), 0.89 (s, 9H, SiC(CH,),), 0.09 (s, 3H, Si(CH,),), 0.00 (s, 3H, 
Si(CH,),); "C NMR (125.7 MHz, CDCI,): 6 =160.6, 140.7, 137.8, 135.3, 
115.7, 77.6, 40.2, 25.7, 18.0, 14.1, 13.7, 2.83, -4.7, -5.0; FAB HRMS 
(NBA): m/e = 422.1027. M + H +  calcd for C16H,,IN0,Si 422.1012. 


Phosphonium salt 9: A mixture of iodide 18 (4.50 g, 10.68 mmol) and Ph,P 
(5.70 g, 21.73 mmol, 2.0 equiv) was heated neat at 100°C for 4 h. Purification 
by flash column chromatography (silica gel, CH,Cl,; then 10% MeOH in 
CH,CI,) provided phosphonium salt 9 (6.50g, 90%) as a yellow solid: 
R, = 0.43 (silica gel, 10% MeOH in CH,CI,); = - 2.4 (c = 0.9, 
CHCI,); IR (thin film): i.,,, = 2928, 2852, 1560, 1437, 1249, 1111, 1073, 836, 
749 cm-'; 'HNMR (500 MHz, CDC1,): 6 =7.81-7.42 (m, 16H, aromatic, 
OCH=C), 6.37(s, 1H,  CH=CCH,), 4.51 ( d d , J =  6.6,4.5 Hz, l H ,  CHOSi), 
3.82-3.75 (m, 1H, CH,P), 3.36-3.27 (m, I H ,  CH,P), 2.40 (s, 3H, 
N=C(O)CH,), 1.97-1.89 (m. 1H, CH,CH,P), 1.85 (s, 3H, CH=CCH,), 
1.83-1.75 (m, I H ,  CH,CH,P), 0.86 (s, YH, SiC(CH,),), 0.10 (s, 3H, 
Si(CH,),), 0.01 (s, 3H, Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 
6 =161.4, 139.8, 139.5, 137.5, 135.2, 133.3, 133.2, 130.5, 130.4, 128.4, 118.2, 
117.5, 116.1, 75.8, 75.7, 28.9, 25.8, 18.0, 14.9, 13.7, -4.7. 


Olefin 19': Phosphonium salt 9 (6.3 g, 9.21 mmol, 1.2 equiv) was dissolved in 
THF (90mL, 0 . 1 ~ )  and the solution was cooled to 0°C. Sodium 
bis(trimethylsilyl)amide (NaHMDS, 1 .OM solution In THF, 9.10 mL, 
9.10mmo1, 1.18 equiv) was slowly added and the resulting mixture was 
stirred at 0°C for 15 min. The reaction mixture was then cooled to -20°C 
before ketone 8["."' (2.0g, 7.73 mmol, 1.0equiv) in THF (10mL) was 
added. The reaction mixture was stirred at the same temperature for 12 h. 
Saturated aqueous NH,CI solution (50 mL) was added, and the mixture 
extracted with ether (200 mL). The organic phase was washed with brine 
(2 x 100 mL), dried (MgSO,), and concentrated to afford, after flash column 
chromatography (silica gel, 2% ether in hexanes), olefins 1 9  (2.8 g, 68%, 
( Z ) : ( E )  ca. 1:l by 'HNMR): R, = 0.58 (silica gel, 20% ether in hexanes); 
IR (thin film): Cmax = 2936, 2886, 1586, 1465, 1360, 1253, 1089, 945, 838, 
775cm-'; 'HNMR (500 MHz, CDCI,): 6 =7.44, 7.43 (singlets, 1 H total, 
OCH=C), 6.16(s, 1 H, CH=CCH,), 5.12-5.07(m, 1 H ,  C(CH,)=CH). 4.08 
(dd, J=6 .4 ,  5.4Hz, 0.5H, CHOSi), 4.06 (dd, J = 6 . 4 ,  5.4Hz, 0.5H, 
CHOSi), 3.44-3.40 (m, 1H, CH,OSi), 3.33 (dd, J=10.7,  6.9Hz, 0SH,  
CH,OSi), 3.32 (dd, J =  9.8, 7.0Hz, 0SH,  CH,OSi), 2.43 (s. 3H, 
N=C(O)CH,), 2.27-2.20 (m, 2H, CH,CHOSi). 2.03-1.98 (m, 1 H, 
CH,C(CH,)=CH), 1.95-1.92 (m, l H ,  CH,C(CH,)=CH), 1.86 (s, 3H, 
CH=CCH,), 1.64 (s,  1.5H, C(CH,)=CH), 1.57 (s, 1 S H ,  C(CH,)=CH), 
1.56-1.51 (m. l H ) ,  1.39-1.29 (m, 3H), 1.04-0.99 (m, IH) ,  0.88, 0.87 (sin- 
glets, 18H total, 2SiC(CH,),), 0.85 (d, J=7 .0Hz,  1.5H, CH,CH), 0.83 (d, 
J =  6.7Hz, l S H ,  CH,CH), 0.02, 0.01, -0.03 (singlets, 12H total, 
ZSi(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 =160.4, 142.3, 142.2, 138.1, 
138.0, 136.8, 136.7, 134.9, 121.1, 120.3, 115.0, 114.8, 78.5, 78.3, 68.2, 40.0, 
35.6, 35.5, 35.3, 35.1, 33.0, 32.7, 32.1, 25.9, 25.7, 25.3, 25.2, 23.3, 18.2, 18.1, 
16.5, 16.0, 14.1, 13.7, -4.9, -5.1, -5.5; FAB HRMS (NBA): m/e= 
536.3939, M + H +  calcd for C,,H,,NO,Si, 536.3955. 


Hydroxyolefins 2O'desilylation of silyl ether 19': Silyl ether 1 9  (2.50 g, 
4.66 mmol) was dissolved in CH,CI,/MeOH (1 : 1, 100 mL, 0 . 0 5 ~ ) ,  and the 
solution was cooled to 0°C prior to addition of CSA (1.14g, 4.89 mmol, 
1.05 equiv) over a 5 min period. The resulting solution was stirred for 30 min 
at 0 "C, and then for 1 h at 25 "C. Et,N (0.68 mL, 4.89 mmol, 1.05 equiv) was 
added, and the solvents were removed under reduced pressure. Flash column 
chromatography (silica gel, SO % ether in hexanes) furnished pure hydroxy 
compound 2 0  (1.80 g, 92%): R, = 0.35 (silica gel, 50% ether in hexanes); IR 
(thin film): 5,,, = 3380, 2929,2872, 1584, 1482, 1384, 1319, 1252, 1075,938, 
837,776 cm-'; 'HNMR (500 MHz, CDCI,) (mixture of ( Z ) : ( E )  olefins, ca. 
1~1):  6 =7.45, 7.44 (singlets, 1 H total, OCH=C), 6.15. 6.11 (singlets, 1H 
total,CH=CCH,), 5.10(dd, J=7.1,  7.1 Hz, 0.5H, C(CH,)=CH/, 5.03 (dd, 
J=7.2,  7.lH2, 0.5H, C(CH,)=CH/, 4.06 (dd, J = 6 . 7 ,  6.2Hz. l H ,  
CHOSi), 3.47 (dd, J =  8.9, 5.9 Hz, 0.5H, CH,OH), 3.42-3.37 (m, 1.5H, 
CH,OH), 2.42 (s, 3H, N=C(O)CH,), 2.28-2.15 (m, 2H, CH,CHOSi), 
2.03-1.94 (m, 2H,  CH,C(CH,)=CH), 1.84, 1.82 (singlets, 3H total, 
CH=CCH,), 1.64 (s, 1.5H, C(CH,)=CH), 1.60-1.58 (m, 1 H), 1.55 (s, 1.5H, 
C(CH,)=CH), 1.46-1.31 (m, 3H), 1.07-0.98 (m, 1 H), 0.89 (d, J = 6.9 Hz, 


1.5H, CH,CH), 0.87-0.85 (m, 10.5H, SiC(CH,),). CH,CH), 0.03, 0.02 
(singlets, 3H total, Si(CH,),), -0.02, -0.03 (singlets, 3H total, Si(CH,),); 
"CNMR(125.7MHz, CDCI,): 6=160.7, 160.5, 142.4, 142.0. 137.9, 137.8, 
136.7, 136.6, 134.9, 134.8, 121.3, 120.3, 115.1, 114.8, 78.6, 78.3, 68.0, 67.9, 
39.6, 35.6, 35.5, 35.2, 35.0, 32.9, 32.3, 32.0, 25.7, 25.2, 24.7, 23.3, 18.1, 16.5, 
16.2, 15.8, 14.1, 13.9, 13.6, 13.5, -4.8, -5.1; FAB HRMS (NBA/NaI): 
m/e = 444.2921, Mt Na' calcd for C,,H,,NO,Si 444.2910. 


Aldehyde 6'--oxidation of alcohol 20': Alcohol 2 0  (mixture of ( Z )  and ( E )  
geometrical isomers, 1 .00 g, 2.37 mmol) was dissolved in CH,CI, (25 mL, 
0.1 M). DMSO (8.30 mL), Et,N (1.65 mL, 11.85 mmol, 5.0 equiv), and 
SO,.pyridine (0.75 g, 4.74mmo1, 2.0equiv) were added at 25°C. and the 
resulting mixture was stirred for 30 min. Saturated aqueous NH,CI solution 
(20 mL) and ether (100 mL) were added, and the organic phase was separated 
and washed with brine (2 x 30 mL), dried (MgSO,), and concentrated under 
reduced pressure. Flash column chromatography (silica gel, 20% ether in 
hexanes) furnished aldehyde 6 (0.97 g, mixture of ( Z ) : ( E )  isomers. ca 1:1. 
98%): R, = 0.47 (silica gel, 50% ether in hexanes); IR (thin film): 
i.,,, = 2943, 2860, 1719, 1584, 1455, 1378, 1249, 1073, 937, 832, 773 cm-'; 
'HNMR (500 MHz, CDCI,): 6 = 9.60 (d. J = 2.0 Hz, O.SH, CHO), 9.53 (d, 
J=1 .9  Hz, OSH, CHO), 7.44, 7.43 (singlets, 1 H  total, OCH=C), 6.15, 6.13 
(singlets, 1 H total, CH=CCH,), 5.12-5.07 (in, 1 H, CH,CH=CCH,), 4.07 
(dd, J = 6 . 4 ,  6.3Hz, 0SH,  CHOSi), 4.05 (dd, J = 6 . 6 ,  6.2Hz. 0.5H. 
CHOSi), 2.42 (s, 3 H , N=C(O)CH,), 2.32-2.15 (m, 2H, CH,CHOSi). 
2.05-1.93 (m, 2H, CH,C(CH,)=CH), 1.84 (s, 3H, CH=CCH,), 1.68-1.58 
(m, 2H), 1.63 (s, I S H ,  CH,CH=CCH,), 1.55 (s, I S H ,  CH,CH=CCH,), 
1.41 -1.23 (m, 3H), 1.05 (d, J =7.1 Hz, 1.5H. CIf,CH), 1.02 (d, J = 6.9 Hz, 
1.5H, CH,CH), 0.84 (s, 9H, SiC(CH,),), 0.01, 0.00 (singlets, 3H total. 
Si(CH,),), -0.04 (s, 3H, Si(CH,),); I3C NMR (125.7 MHz, CDC1,): 
6 = 205.0, 204.9, 160.4, 142.1, 138.0, 136.0, 135.9, 134.9, 121.8, 120.9. 114.9, 
78.4, 78.2, 46.1, 46.0, 39.5, 35.2, 31.7, 30.2, 29.8, 25.7, 25.1, 24.9, 23.2, 18.1, 
15.9, 14.1, 14.0, 13.7, 13.1, 13.0, -4.9, -5.1; FAB HRMS (NBA/NaI): 
mje = 442.2743, M + N a +  calcd for C,,H,,NO,Si 442.2753. 


Tris(sily1 ethers) 21' and 22'-aldol reaction of ketone 7 with aldehyde 6': A 
solution of ketone 7 (1.34 g. 3.33 mmol, 1.2 equiv) in THF (5.0 mL) was 
added dropwise to a freshly prepared solution of LDA [diisopropylamine 
(468 pL, 3.36 mmol) was added to nBuLi (2.10 mL, 1 . 6 ~  solution In hexanes. 
3.36 mmol) in 10.0 mL of THF at 0"C] in THF (10.0 mL) at -78 "C. After 
the mixture had been stirred for 1.5 h at -78 "C. a solution of aldehyde 6 
(1.16 g, 2.77 mmol, 1.0 equiv) in THF (5.0 mL) was added dropwise. The 
resulting mixture was stirred for 15 min at -78"C, and then quenched by 
dropwise addition of saturated aqueous NH,C1 solution (20 m t ) .  The 
aqueous phase was extracted with ether (3 x 50 mL), and the combined or- 
ganic layer was dried (MgSO,) and concentrated. Purification by flash 
column chromatography (silica gel, 20% ether in hexanes) provided pure 
aldol products 21' (1.33 g, 59 %) and 22' (0.33 g, 14%) (73 % overall yield, ca. 
4 : l ) .  
21': colorless oil; R, = 0.40 (silica gel, 20% ether in hexdn.3); 'HNMR 
(500 MHz, CDClJ: 6 =7.43 (s, lH ,  OCH=C), 6.14 (s, 1 H. CH=CCH,), 
5.08 (dd, J = 10.4,7.0 Hz, 1 H, C(CH,)=CHCH,), 4.05 (dd, J = 13.0.6.5 Hz, 
lH,(CH,),CCHOSi), 3.89 (dd,J=7.5,2.5 Hz, lH,CH,CHOSi). 3.68-3.62 
(m, 1 H, CH(CH,)CHOH), 3.59 (dd, J =7.5, 7.4 Hz, 2H, CH,OSi), 3.53 (d, 
J=12.5Hz, lH) ,  3.32-3.25 (m, 1H,  C(O)CH(CH,)), 2.42 (s. 3H, 
N=C(CH,)O), 2.30-2.19 (m, 2H, C(CH,)=CHCH,), 2.05-1.90 (m, 2H, 


C(CH,)=CHCH,), 1.54 (s, 1.5H, C(CH,)=CHCH,), 1.80-1.46 (m. 5H), 
1.34-1.25 (m, 2H), 1.19 (s, 3H, C(CH,),), 1.07 (s, 3H, C(CH,),), 1.01 (d, 
J = 6 . 8 H z ,  3H, CH(CH,)), 0.89 (s, 18H, 2SiC(CH,),), 0.87 (s, YH, 
SiC(CH,),), 0.81 (d, J = 6.8 Hz, 3H, CH(CH,)), 0.09 (s, 3H, Si(CH,),), 0.06 
(s, 3H, Si(CH,),), 0.01 (s, YH, Si(CH,),), -0.04 (s, 3H, Si(CH,),); I3C 
NMR (125.7 MHz, CDCI,): 6 = 222.1, 222.0, 160.4, 142.3, 142.2, 138.0, 
136.8, 134.9, 121.1, 120.3, 114.8, 78.5, 78.3, 74.7, 74.0, 60.3, 53.8, 41.3, 41.2. 
40.0, 37.7, 35.4, 35.3, 35.1, 32.8, 32.5, 32.2, 26.0, 25.8, 25.6, 25.0, 24.9. 23.4, 
22.8,18.2,18.1, 18.0,16.3, 15.2, 14.1,13.7,9.5,9.4, -3.9, -4.2, -4.9. -5.1. 
-5.4; FAB HRMS (NBA/CsI): m/e = 954.4935, M + C s +  calcd for 
C,,H,,NO,Si, 954.4896. 
22': colorless oil; R, = 0.37 (silica gel, 20% ether in hexanes); IR (thin film): 
i,,, = 3490, 2942,2932,2873, 1683, 1463, 1382, 1249, 1090, 840, 776 cm-'; 
'HNMR (500 MHz, CDCI,): 6 ~ 7 . 4 5  (s, I H ,  OCH=C), 6.16 (s, 0.5H, 
CH=CCH,), 6.15 (s, 0.5H, CH=CCH,), 5.14-5.07 (m, I H ,  
C(CHJ=CHCH,), 4.09-4.05 (m. 1 H), 3.65-3.58 (m, 3H),  3.42-3.38 (m, 


CHzC(CH,)=CH), 1.84 ( s ,  3H, CH=C(CH,)), 1.65 (s. 1.5H, 


~ 


Chem. Eur. .I 1997,3, No. 12 0 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997 0947-6539/97/0312-1977 $ 1 7  50+.50/0 1977 







FULL PAPER K. C. Nicolaou et al. 


1H) .  3.24-3.19 (m, l H ) ,  2.43 (s, 3H. N=C(CH,)O), 2.31-2.18 (m, 2H,  
C(CH,)=CHCH,), 1.85 (s, 3H, CH=C(CH,)), 1.99-1.88 (m, 2H,  
CH,C(CH,)=CH), 1.67 (s, 1.5H, C(CH,)=CHCH,), 1.58 (s, 1.5H. 
C(CH,)=CHCH,), 1.55-1.40 (m, SH), 1.35-0.81 (m, 41H), 0.10 (s, I S H .  
Si(CH,),), 0.09 (7, l S H ,  Si(CH,),), 0.07 (s, I S H ,  Si(CH,),), 0.05 (s, 1.5H. 
Si(CH,),), 0.02 (s, 9H, Si(CH,),), -0.03 (s, 3H. Si(CH,),); I3C NMR 
(125.7 MHr, CDCI,): b = 222.3, 222.1, 160.5, 142.1, 138.2, 136.5, 134.9, 
121.4, 120.5. 114.9, 78.5, 78.3, 78.2, 74.9, 73.8, 72.5, 60.5, 60.0, 54.2, 53.8, 
41.8. 41.6, 41.3, 39.9, 37.8, 37.6. 35.4, 35.3, 35.2. 32.7, 32.5, 32.1, 26.0, 25.9, 
25.8. 25.7, 25.0, 24.9, 23.4, 22.7. 19.9, 19.4. 18.2. 18.1, 18.0. 15.4, 15.0, 14.1, 
13.7.10.9.in.8, -3.9, -4.1, -4.2, -4.9, -5.1,  -5.4; FABHRMS(NBA): 
n?!c = 822.5948, M + H +  calcd for C,,HB,NO,Si, 822.5920. 


Tetra(sily1 ether) 23': Compound 21' (0.72 g, 1.14 mmol) was dissolved in 
CH,CI, (10.0 mL, 0.11 M), cooled to 0°C. aiid treated with 2,6-lutidine 
(0.26 mL, 2.28 mmol, 2.0 equiv) and /wt-butyldimethylsilyl trifluoro- 
methanesulfonate (0.38 mL, 1.71 mmol, 1.5 equiv). After stirring for 1 h at 
0'C. the reaction mixture was quenched with methanol (5.0 mL) and treated 
with saturated aqueous NH,CI solution (10 mL). The aqueous phase was 
extracted with ether (3 x 10 mL), and the combined organic solution was 
washed with brine (10 mL), dried (MgSO,), and concentrated under reduced 
pressure. Purification by flash column chromatography (silica gel, 3 % ether 
in hcxanes) provided tetra(sily1 ether) 2 3  (1.04 g, 97 Yo) as a colorless oil. 23': 
R, = 0.56 (silica gel, 10% ether in hexanes); 'H NMR (500 MHL. CDCI,): 
6=7.4?. (s, I H ,  OCH=C), 6.15 (s, 1H. CH=CCH,), 5.10 (dd, J=13.2, 
7.2 Hz, 1 H. C(CH,)=CHCH,), 4.05 (dd, J = 10.4. 5.6 Hz, 1 H, 
(CH,),CCHOSi), 3.90-3.85 (m. 1 H. CH,CHOSi), 3.74(dd, .I = 5.6, 1.9 Hz, 
1H) .  ?.69-3.62(m, I H ,  CH(CH,)CHOSi), 3 .56(dd,J=13.2,  6.2Hz. 2H,  
CH,OSi), 3.12 (dq, J = 5.6, 1.6 Hz, 1 H, C(O)CH(CH,)). 2.41 (s, 3H, 
N=C(CH,)O), 2.28 2.15 (m, 2H. C(CH,)=CHCH,), 1.98-1.89 (m, 2H, 
CH,C(CH,)=CH). 1.85 (s, 1.5H, CH=C(CH,)), 1.84 (s, 1.5H. 
CH=C(CH,j), 1.62 (s, 3H, C(CII,%)=CHCH,), 1.55 (s ,  3H, 
C(CIf,)=CHCH,), 1.76-0.81 (in, 46H), 0.07 (s. 3H. Si(CH,),), 0.04 (s, 9H, 
Si(CH,),), 0.03 (s, 9H. Si(CH,),), -0.04 (s, 3H,  Si(CH,),); I3C NMR 


121.3. 120.5, 114.8, 114.7, 78.4, 78.3, 77.3, 73.8, 73.7. 60.8, 53.5, 44.9, 40.2, 


-3.9, -4.1, -4.9. -5.1, -5.4: FAB HRMS (NBA/CSI):  m j r = i n 6 8 . m n .  


(125.7 MHz, CDCI,): 6 = 218.0, 160.3, 142.3, 142.1. 138.1, 136.6, 134.9, 


38.8. 38.7, 37.9. 35.4, 35.1, 32.4, 31.5, 30.8, 30.6, 26.2, 26.0, 25.8, 25.7. 24.4, 
24.3, 23.4, 19.3, 19.1, 18.4, 18.2, 18.1, 18.0, 17.4, 16.1, 15.1, 14.1, 13.7, -3.8, 


M + C s +  calcd for C,,H,,,NO,Si, 1068.5760. 


Alcohol 24' (370 mg, 8 5 % )  was obtained from compound 2 3  (500 ing, 
0.53 mmol) according to the procedure dcscribed above for 2 0 .  24': colorless 
oil; R,  = 0.37 (silica gel, 50% ether in hexanes); IR (thin film): Cmax = 3392, 
2935,2865, 1689,1463, 1378,1357,1252,1083,988, 867,835, 772,730 cm- ' ;  
'HNMR (500 MHz, CDCI,): 6 =7.43 (s, 1 H. OCH=C), 6.14 (s. 1 H, 
CH=CCH,), 5.12 5.05 (in. I H ,  C(CH,)=ClI), 4.10 4.04 (m, 2H,  
(CH,),CCIfOSi, CH,CHOSi). 3.76 (dd, J = 7 . 0 ,  1.4 Hz. 1 H, 
CH(CH,)CHOSi), 3.61 (t, .I =7.0 Hz , ZH, CH,OH), 3.11 (dd, .I =7.0. 
6.8 Hz. 1H. C(O)CH(CH,)), 2.42 (s, 3H, N=C(CH,)O), 2.25--2.12 (m, 2H,  
C(CH,)=CHCH,), 1.99-1.87 (m, 2H, CH,C(CH,)=CH), 1.84 (d, J =  
1.0 Hz.3H,CH=C(CH3)). 1.63 (s, ISH,C(CH,)=CHj,  1.57-1.52(m,2H). 
1.55 (s ,  1.5H, C(CH,)=CH), 1.37- 1.25 (m. 3H) ,  1.19 (s, 3H,  C(CH,),), 
1.18-l.lO(rn, 2H). 1.03 (s, 3H. C(CH,),), 0.88-0.85 (m, 33H, 2CH(CH,) ,  
3S1C(CH3),), 0.09. 0.08, 0.07, 0.05, 0.04, 0.02, -0.01 (singlets, 18H total, 
3Si(CH,),); " C  NMR (125.7 MHz, CDC1,): 8 = 219.3, 160.4, 142.3, 142.2, 
138.0, 336.6,134.9. 121.3, 120.5. 114.8, 114 7, 78.4,78.3, 77.5, 77.4, 72.9, 72.8, 
59.9. 53.6. 53.3, 44.9.40.2. 38.5, 38.4, 38.2, 35.3, 35.1, 32.3, 30.6, 30.3, 26.1. 
25.9, 25.7, 24.7, 23.4, 18.4. 18.1. 18.0, 17.7. 17.6, 16.1, 15.6, 15.5, 14.1, 13.7, 
-3.7. -3.9. -4.0, -4.8, -5.1: FAB HRMS (NBAiCsI): m / e  = 954.4878, 
M+Cs' calcd for C,,H,,NO,Si, 954.4896. 


Aldehyde 25'---oxidation of alcohol 24': To a solution of oxalyl chloride 
(82 pL, 0.85 inmol, 2.0 equiv) in CH,CI, (5.0 mL) was added dropwise DM- 
SO (120 pL. 1.70mmo1, 4.0equiv) at -78 C. After the mixture had been 
stirred for 15 min at - 78 'C, a solution of alcohol 2 4  (351) mg, 0.425 mmol, 
1.0 equiv) in CH2C1, (2.0 mL) was added dropwise at -78'C over a period 
of 5 min. The solution was stirred at -- 78 -C for 30 min, and then Et,N 
(350 pL. 2.55 mmol. 6.0 cquiv) was added. The reaction mixture was allowed 
to warm to 0 "C over a period of 30 min, and then ether (20 mL) was added, 
followed by saturated aqueous NH,CI solution (10 mL). The organic phase 
was separated, and the aqueous phase extracted with ether (2 x 10 mL). The 


combined organic solution was dried (MgSO,), filtered, and concentrated 
under reduced pressure. Purification by flash column chromatography (silica 
gel. 20% ether in hexanes) provided aldehyde 25' (326 mg, 94%) as a color- 
less oil. 25': R, = 0.63 (silica gel, 50% ether in hexanes); IR (thin film): 
Cmax = 2943. 2849, 1725, 1690, 1461, 1384, 1249, 1079. 985, 832, 773 cm- ' ;  
'H NMR (500 MHz, CDC1,): fi = 9.74-9.73 (m, 1 H,  CHO). 7.43 (5. 1 H,  
OCH=C),  6.15 (s, 1 H, CH=CCH,), 5.12-5.05 (m. 1 H, C(CH,)=CH), 4.45 
(dd, J = 4 . 7 ,  4.6Hz. I H ,  (CH,),CCHOSi), 4.05 (dd, J=7 .1 ,  6.9Hz. IH.  
CH,CHOSi), 3.74 (dd, .I =7.4, 1.6 Hz, 1 H, CH(CH,)CHOSi), 3.10 (dq. 
J =7.2, 7.0 Hz, I H, C(O)CH(CH,)), 2.52-2.46 (m. I H, CH,CHO). 2.42 (s. 
3H, N=C(CH,)O), 2.37 (ddd, J=17.0, 5.5 ,  2.8Hz, l H ,  CH,CHO), 2.23- 
2.16 (m, 2H,  C(CH,)=CHCH,), 1.97-1.88 (m, 2H,  CH,C(CH,)=CH). 
1.85 (s ,  1.5H, CH=C(CH,)). 1.84 (S, 1.5H, CH=C(CH,)). 1.63 (s, 1.5H. 
C(CH,)=CH), 1.55(s, l .SH,C(CH,)=CH), 1.48-1.25(m, 5H) .  1.22(s. 3H, 
C(CH,),), 1.05 (s, 3H, C(CH,),j, 1.01 ( d , J  = 6.9 Hz, l S H ,  CH(CH,)). 1.00 
(d, J =  6.9Hz, 1.5H, CH(CH,)). 0.89-0.85 (m, 30H, CH(CH,). 
3SiC(CH,),), 0.07, 0.04, 0.03, 0.02, 0.01, 0.00, -0.04 (singlets, 18H total, 
3Si(CH,),); ' % C  NMR (125.7 MHL, CDC1,): 6 = 218.3, 200.9. 160.4, 142.3. 
142.1. 138.0, 136.6, 136.5, 134.9, 121.3, 120.5, 114.8, 114.7, 78.4. 78.3. 77.5, 


26.2, 25.7, 25.6. 23.9. 23.4, 18.6, 18.5, 18.4, 18.1, 17.9. 17.6, 16.1, 15.4, 14.1, 
13.7. -3.7, -3.8, -4.3, -4.6, -4.8, -4.9. -5.1. 


77.4, 7 1 . ~ 7 1 . 0 ,  53.3,49.4,44.9,40.2, 38.6, 38.5, 35.3, 35.1. 32.4.30.6, 30.3. 


Carboxylic acid 26'-oxidation of aldehyde 25': Aldehyde 25' (325 mg, 
0.39mmol), [BuOH (15.0 mL, 0 . 0 3 ~ ) ,  2-mctyl-2-butene (11.0mL, 2~ solu- 
tion in T H E  22.0 mmol), H,O (3.0 mL), NaCIO, (217 mg, 2.38 mmol, 
6.0 equiv), and NaH,PO, (I43 mg, 1.19 mmol, 3.0 equiv) were combined and 
stirred at 0'C for 15 min. The reaction mixture was concentrated under 
reduced pressure, and the residue diluted with EtOAc (50 mL) and washed 
with brine (20mL). The aqueous phase was extracted with EtOAc 
(3 x 10 mL). The combined organic solution was dried (MgSO,). filtered, and 
concentrated undei- reduced pressure. Purification by flash column chro- 
matography (silica gel, 6 %  MeOH in CH,Cl,) afforded carhoxylic acid 26' 
(330 mg, 99%). 26': R ,  = 0.27 (silica gel, 5 %  MeOH in CH,CI,): IR (thin 
film): imdx = 3358, 2932, 2857, 1711, 1466. 1254, 1088, 988. 835 cm- ' ;  
'H NMR (500 MHz, CDCI,): 6 =7.47 (s, 1 H. OCH=C), 6.32, 6.15 (singlets. 
I H  total, CH=CCH,), 5.16 (t, J = 7 . 5 H z ,  0.5H. C(CH,)=CH), 5.09 (t. 
J = 7 . 5 H z ,  0.5H, C(CH,)=CH/, 4.41 (dd, J=7 .0 ,  3.1Hz, 0.5H, 
(CH,),CCHOSi),4.36(dd,J=7.1,2.7Hz,0.5H,(CH3),CCHOSi),4.13(dd, 
J=7.7 .  5.3Hz, O.SH, CH,CHOSi), 4.06 (dd, J z 6 . 7 ,  6.5Hz. 0.5H, 
CH,CHOSi), 3.79 (dd, J = 6.5, 1.5 Hz, 0.5H, CH(CH,)CHOSi), 3.72 (dd, 
J = 5 . 5 ,  3.2Hz,  0.5H. CH(CH,)CHOSi), 3.19 (dq. J=7 .2 ,  7.0Hz. 0.5H. 
C(O)CII(CH,)), 3.15 (dq, J =7.2, 7.0 Hz, 0.5H, C(O)CH(CH,)), 2.54-2.47 
(m, 1 H, CH,COOH), 2.46(s, 3H,  N=C(CH,)O),2.42 (dd, J = l 6 . 4 ,  3.1 Hz. 
1 H, CH,COOH), 2.36-2.28 (m, 1 H, C(CH,)=CHCH,), 2.24-2.17 (m, 1 H, 
C(CH,)=CHCH,), 2.00- 1.85 (m, 2H, CH,C(CH,)=CH), 1.83 (s. 1.5H. 
CH=C(CH,)), 1.81 (s, 1.5H, CH=C(CH,)), 1.67 (s, 1.5H, C(CH,)=CH), 
1.53(s. l .SH,C(CH,)=CH), 1.49-1.25(m,SH), 1.21 (s, 3H,C(CH,),), 1.06 
(s, 3H, C(CH,),), 1.05 (d, d =  6.9 Hz, 3H, CH(CH,)). 0.89-0.85 (in, 30H, 
CH(CH,), 3SiC(CH,),), 0.14, 0.12, 0.10, 0.08, 0.07, 0.06, 0.05. 0.03, 
0.02, -0.01, -0.02, -0.03 (singlets, I ~ H  total, 3Si(CH3),): I3C NMR 


136.9, 135.1, 121.4, 120.5, 114.8. 78.5, 78.3, 77.6, 77.3, 73.7. 73.6, 69.1, 53.3. 


13.3, -4.0, -4.1, -4.2. -4.3, -4.5, -4.6, -5.1, -5.2, -5.4. 


(150.9 MHz CDCI,): 6 = 218.6, 218.4, 174.9, 161.0, 142.8, 142.7, 137.9, 


53.2, 45.1, 44.7. 40.2, 39.8, 38.6. 38.4, 35.2, 35.0, 32.2, 30.7, 25.9. 25.7, 25.5, 
23.2. 23.0, 19.8, 19.2, 19.1, 18.2, 18.1, 17.8, 17.5, 17.1, 15.9, 15.4, 15.2. 13.9, 


Hydroxyacid 5'--selective desilylation of tris(sily1 ether) 26': A solution of 
tris(sily1 ether) 26 (325 mg, 0.39 mmol) in THF (8.0 mL, 0 . 0 5 ~ )  at 25-C was 
treated with TBAF (2.34 mL, 1 . 0 ~  solution in THF, 2.34 mmol, 6.0 equiv). 
After stirring for 10 h, the reaction mixture was diluted with EtOAc (10 mL) 
and washed with aqueous HCI (10 mL, 1 . 0 ~  solution). The aqueous solution 
was extracted with EtOAc (4 x 10 mL), and the combined organic phase 
washed with brine (10 mL), dried (MgSO,), and concentrated. The crude 
mixture was purified by flash column chromatography (silica gel. 5 % MeOH 
in CH,C12) to provide hydroxyacid 5' (22Omg. 78%) as a yellow oil: 
R, = (1.38 (silica gel, 12% MeOH in CH,Cl,); IR (thin film): Gmax = 3358, 
2932, 2857, 1722, 1466, 1380, 1254, 1088, 988, 835cin-l: ' H N M R  
(500 MHz, CDCI,): b =7.45 (s, 1 H, OCH=C), 6.29.6.25 (singlets. 1 H total. 
CII=CCH,), 5.15 5.10 (m, l H ,  C(CH,)=CH), 4.39-4.35 (m, l H ,  
(CH,),CCHOSi), 4.12 (dd, J =7.5, 7.0 Hz, 1 H, CH,CIfOH). 3.73 (dd. 
J = 6 . 9 .  1.0Hz. IH,CH(CH,)CHOSi), 3.15 -3.11 (m, l H ,  C(O)CEJCH,). 
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2.43 (s ,  3H, N=C(CH,)O), 2.41-2.39 (m. lH ,  CH,COOH), 2.31-2.20 (m, 
3H. CH,COOH, C(CH,)=CHCH,), 2.03-1.95 (m, 2H,  CH,C(CH,)=CH). 
1.88, 1.87 (singlets, 3 H  total. CH=C(CH,)), 1.67 (s, 1.5H, C(CH,)=CH), 
1.63-1.59(m,3H),1.58(s,1.5H,C(CH,)=CH),1.49-1.40(m,2H),1.19(s, 
3H,  C(CH,),), 1.07 ( s ,  3H. C(CH,),), 1.03 (d, J = 7 . 0  Hz, 1.5H, CH(CH,)), 
1.02 (d, J=7.1 Hz. 1.5H, CH(CH,)), 0.89-0.83 (m, 21H, CH(CH,), 
SiC(CH,),), 0.08, 0.07, 0.04, 0.03, 0.02 (singlets, 12H total, 2Si(CH,),); 13C 
NMR (125.7 MHz, CDCI,): 6 = 217.8, 175.8, 160.8, 141.7, 141.6, 139.0, 
138.9, 137.6, 135.1, 120.0,119.2, 115.0.114.9,77.6,77.5,76.8,76.7,73.8, 53.5, 
53.4, 45.1, 44.8, 40.5, 40.3, 38.7, 38.6, 34.0, 33.9, 32.4, 30.8, 30.4, 26.0, 25.9, 
25.1, 23.4, 23.1, 22.9, 19.9, 19.7. 18.3, 18.0, 17.6, 17.3, 15.7, 15.6, 14.6, 14.5, 
-3.7, -3.8, -3.9, -4.0, -4.3, -4.8; FAB HRMS (NBA/CsI): n7je = 
854.3848, M +  Cs' calcd for C,,H,,NO,Si, 854.3823. 


Lactones 27 and 28-macrolactonization of hydroxyacid 5': A solution of 
hydroxyacid 5' (130 mg, mixture of (2) and ( E )  isomers, ca. 1: 1,0.180 mmol) 
in THF (2.6 mL, 0 . 0 7 ~ )  was treated at O'C with Et,N ( 5 5  pL, 0.396 mmol, 
2.2 equiv) and 2,4,6-trichlorobenzoyl chloride (28 pL, 0.234 mmol, 
1.3 equiv). The reaction mixture was stirred at 0°C for 0.5 h, and then added 
to a solution of 4-DMAP (44.2 mg, 0.360mmo1, 2.0 equiv) in toluene 
(83.0 mL, 0.002M) at 25 ' C  and stirred at this temperature for 12 h. The 
solvents were removed in vacuo, and the crude product obtained was sus- 
pended in 40 % ether in hexanes and filtered through silica gel. Concentra- 
tion, followed by preparative thin-layer chromatography (silica gel, 5 % 
MeOH in CH,CI,), gave pure lactones 27 (44 mg, 35 %) and 28 (53 mg, 42%) 
as colorless oils. 
27: Rf = 0.24 (silica gel, 20% ether in hexanes): [a lp  = - 18.0 (c = 1.5. 
CHCI,): 1R (thin film): ;,,,ax = 2931, 2856, 1740, 1695, 1463, 1381, 1252, 
1156, 1064, 833, 775cm-'; 'HNMR (600MHz, CDCI,): 6 =7.47 (s, I H ,  
OCH=C), 6.28 (s, I H ,  CH=CCH,), 5.14 (dd, J = 8.4, 7.5 Hz, l H ,  
CH,C=CHCH,), 4.95 (d, J =10.0 Hz, I H ,  CH,COOCH), 4.01 (d, 
J =  9.9 Hz, 1 H, CHOSi), 3.88 (d, J =  9.0 Hz, 1 H, CHOSi), 3.00 (dq, 
J = 6.9,6.7 Hz, 1 H, C(O)CHCH,), 2.79 (d, J = 16.2 Hz, 1 H, CH,COOCH), 
2.70-2.61 (m, 2H), 2.48-2.40 (in, 1 H), 2.44 (s, 3H,  N=C(CH,)O). 2.05- 
2.00 (m, 2H),  1.98 (s, 3H, CH=C(CH,)), 1.75-1.68 (m, 2H),  1.66 (s, 3H,  
CH,C(CH,)=CH), 1.64-1.45 (m. 3H),  1.18 (s, 3H, C(CH,),), 1.13 (s, 3H, 
C(CH,),), 1.09 (d, J =  6.7 Hz, 3H, CH(CH,)), 0.96 (d, J = 6.9 Hz, 3H, 
CH(CH,)), 0.93 (s, 9H,  SiC(CH,),), 0.83 (s, 9H,  SiC(CH,),), 0.09 (s, 6H, 
Si(CH,),), 0.07 (s, 3H, Si(CH,),), -0.13 (s, 3H, Si(CH,),); "C NMR 
(150.9 MHz, CDCI,): 6 = 216.0, 172.1, 161.6, 139.4, 138.6, 136.4, 119.8, 
116.4, 80.4,77.1, 54.2,40.0, 33.2, 32.8, 32.2,30.5,28.2. 27.2,27.0,25.4, 25.1, 
24.0, 19.5, 19.4, 16.4, 14.7, -2.4, -2.8, -4.8; FAB HRMS (NBA): m/e = 
704.4767, M +  H +  calcd for C,yH,9N0,Si, 704.4742. 
28: R, = 0.20 (silica gel, 20% ether in hexanes); [x];' = - 24.2 (c =1.7, 
CHCI,); IR (thin film): imax = 2931, 2857, 1740, 1695, 1465, 1378, 1252, 
1169, 1102, 1029, 832, 775cm-'; 'HNMR (500MHz, CDCI,): 6 =7.46 (s, 
1 H, OCH=C), 6.27 ( s ,  1 H, CH=CCH,), 5.24 (dd, J = 8.0, 3.2 Hz, 3 H, 
CH,COOCH/, 5.13 (dd, J =  6.9, 6.8Hz, 1H,  CH,C=CHCH,), 4.44 (dd, 
J =  5.1, 5.1 Hz, l H ,  CHOSi), 3.87 (dd, J =  6.3, 2.1 Hz, I H ,  CHOSi), 3.03 
(dq, J x 6 . 8 ,  6.7Hz, l H ,  C(O)CHCH,), 2.59 (dd, J=15.4, 5.7Hz, l H ,  
CH,COOCH), 2.45 (dd, J =15.4, 4.9 Hz, 1 H, CH,COOCH), 2.43 (s, 3H,  
N=C(CH,)O), 2.15-2.08 (m. 1 H, CH,C=CHCH,). 2.02 (s, 3H, 
CH=C(CH,)), 2.00-1.85 (m, 3H,  CH,C=CHCH,, CH,C(CH,)=CH), 
1.55(~,3H,CH,C(CH,)=CH),1.54-1.46(m,2H), 1 . 2 9 ~  1.21 (m,3H),  1.17 
( s ,  3H, C(CH,),), 1.12 (d, J =  6.9 Hz, 3H, CH(CH,)), 1.07 (s, 3H, 
C(CH,),), 0.90 (d, J = 6.9 Hz, 3H,  CH(CH,)), 0.89 (s, 9H, SiC(CH,),), 0.88 
(s, 9H,  SiC(CH,),), 0.09 (s, 3H, Si(CH,),), 0.08 (s, 3H,  Si(CH,),), 0.06 (s, 
3H, Si(CH,),), 0.04 (s, 3H,  Si(CH,),); "C NMR (125.7 MHz, CDCI,): 
S = 216.4, 170.5,160.7,137.9,137.5,135.7,119.9, 115.5,78.8,76.2,73.0, 53.9, 
44.0, 41.9, 40.2, 39.3, 31.9, 30.7, 26.1, 26.0, 24.7, 22.8, 20.2, 18.3, 18.2, 16.9, 
15.9, 15.7, 15.6, 13.8, -3.6, -3.7, -4.3, -4.4; FAB HRMS (NBA): m/ 
e =704.4742, M + H +  calcd for C,yH,,N0,Si2 704.4767. 


Dihydroxylactone 4: To a solution of lactone 27 (38 mg, 0.054 mmol) in THF 
(4.0 mL) was added HF'pyridine (1.4 mL). After stirring at room tempera- 
ture for 24 h, the reaction was quenched by the careful addition of saturated 
aqueous NaHCO, solution (10 mL). The layers were separated, and the 
aqueous phase extracted with EtOAc (3 x 5 mL). The combined organic ex- 
tracts were dried (MgSO,), filtered, and concentrated in V ~ C U O  to give a 
yellow oil, which was subjected to preparative thin-layer chromatography 
(silica gel, 50% ether in hexanes) to give the diol 4 as a colourless oil (16 mg, 
62%): R, = 0.38 (silica gel, 50% EtOAcinhexanes); [a12 = - 68.5 (e = 0.2, 


CHCI,): IR (thin film): i,,, = 3431. 2933, 1731, 1688. 1584. 1455. 1379. 
1306, 1252, 1151, 1104. 1045, 1009, 934, 733 cm- ' ;  ' H N M R  (600 MHz, 
CDCI,): 6 =7.47 (s, l H ,  OCH=C), 6.30 (s, 1H,  CH=CCH,), 5.21 (dd, 
J = 9 . 5 ,  1.5H2, l H ,  CH,COOCH), 5.12 (dd. J = 9 . 7 ,  5.0Hz. I H ,  
CH3C=CHCH,),4.22(dd,J=11.0,2.6 Hz, lH.(CH,),CCHOH).3.70(dd, 
J = 3.4, 2.5 Hz, 1 H, CHOH), 3.13 (qd. J = 6.9, 2.4 Hz. 1 H, C(O)CHCH,) .  
2.99(brs, lH,OH),2.58(ddd,.I=15.3,9.8, 5.3Hz, lH,CII ,CH=CCH,) ,  
2.47 (buried m, I H ,  CH,COOCH), 2.44 (s, 3H,  N=C(CH,)O), 2.33-2.24 
(m, 1 H), 2.27 (dd, J = 15.0, 3.0 Hz, CH,COOCH), 2.22 (d, .I = 14.8 Hz, 1 H, 
CH,C(CH,)=CHCH,), 1.95(s. 3H,CH=CCH,). 1.90-1.84(m, 1 H). 1.77- 
1.68(m, l H ) ,  1.64(s.3H.CH,C(CH,)=CH),1.31 (s,3H.C(CH3),). 1.32- 
1.22 (m, 4H), 1.18 (d, J =  6.7Hz, 3H,  CH(CH,)), 1.05 (5. 3H, C(CH,),). 
0.98 (d, J=7 .0Hz,  3H,  CH(CI1,)); 13C NMR (150.9 MHz, CDCI,): 
6 = 222.0,171.4,162.0,139.4,138.3,136.5,121.7. 116.4. 79.5. 75.0.73.2. 54.0, 
42.4, 40.1, 39.2, 32.9, 32.4, 32.0, 26.0, 23.4. 23.2, 18.9, 16.6, 16.2, 14.3, 14.1: 
FAB HRMS (NBA/NaI): m/e = 498.2852, M + N a +  calcd for C,,H,,NO, 
498.2832. 


Dihydroxylactone 29 (9 mg, 82 9'0) was obtained from compound 28 ( I  7 mg, 
0.024mmol) according to the procedure described above for 27. 29: 
R,, = 0.40 (silica gel, 5 %  MeOH in CH,CI,); [a]:: = - 59.1 (c = 0.5. 
CHCI,); 1R (thin film): Gmax = 3425, 2937, 1732, 1685, 1580. 1458. 1380, 
1254, 1095, 1008, 978, 733 cm- ' ;  'HNMR (500 MHz, CDCI,): 6 =7.50 (s. 
I H ,  OCH=C), 6.31 (s, 1H. CH=CCH,), 5.39 (dd, J = 6 . 2 ,  3.8Hz. I H ,  
O=COCH ), 5.06 (dd, J=7 .1 ,  7.0Hz, l H ,  CH,C=CHCH,), 4.38 (dd, 
J=7.5,1.5Hz,1H,CHOH),3.67(br,IH,CHOH),3.52(br,1H,OH).3.31 
(dq,J=6.8,4.8Hz,1H,C(O)CHCH3),3.12(br,1H,OH),2.54-2.46(m. 
2H, CH,COOCH), 2.45 (s, 3H, N=C(CH,)O), 2.43-2.37 (m, l H ,  
CH,C=CHCH,), 2.20-2.15 (m, 1 H, CH,C=CHCH,). 2.00-1.95 (m. l H ,  
CH,C(CH,)=CH), 1.95 (s, 3H,  CH=C(CH,)), 1.89-1.83 (m. 1 H, 
CH,C(CH,)=CH), 1.67-1.61 (m, 3H), 1.59 ( s ,  3H, CH,C(CH,)=CH), 
1.40-1.30 (m, 2H), 1.25 (s, 3H. C(CH,),), 1.16 (d, J =  6.7 Hz. 3H, 
CH(CH,)), 1.04 (s, 3H,  C(CH,),), 0.98 (d, J = 7 . 0  Hz, 3H, CH(CIf,)): 13C 
NMR (125.7 MHz, CDCI,): 6 = 220.1, 170.5, 160.6, 138.6, 136.9, 136.2, 
135.1, 119.2, 115.6, 76.7, 71.8, 53.7, 43.2, 39.7, 38.9, 37.2, 30.6, 30.4, 24.5. 


608.1970, M +  Cs' calcd for C,,H,,NO, 608.1988. 
20.6, 20.2, 36.5, 16.4, 15.5, 14.9, 13.6; FAB HRMS (NBA/CsI): n1/c = 


20-Oxa-epothilone B (2) and its a-epoxide epimer 3O-epoxidation of lactone 4:  
To a stirred solution of diol4 (17.0 mg, 0.036 mmol) in chloroform (800 pL) 
at 0 "C was added dropwise a solution of mCPBA (200 pL, 0.357 M solution 
in chloroform, 0.072 mmol, 2.0 equiv). The reaction mixture was maintained 
at this temperature for 3 h before being quenched by dropwise addition of 
dimethyl sulfide (400 pL) and Et,N (500 pL). Volatiles were removed in 
vacuo, and the resulting residue was purified by preparative thin-layer chro- 
matography (silica gel, 5 % methanol in dichloromethane) to give the epoxide 
2 (6.0 mg, 34%) and its diasteroisomer 30 (1.1 mg, 6 % )  as colorless oils. 
2: R, = 0.17 (silica gel, 80% ethyl acetate in hexanes); [a]6' = - 30.4 
( e  = 0.1, CHCI,); IR (thin film): = 3436, 2927, 1733, 1690. 1451, 1382, 
1253, 1150, 1106, 979cm-'; ' H N M R  (600MHz, CDCI,): S =7.49 (s. 1H. 
OCH=C). 6.34 (s, l H ,  CH=CCH,), 5.43 (dd, J =  6.9, 3.4Hz, 1 H, 
CH,COOCH/, 4.14 (dd, J=10.6,  2.6Hz, 1 H, (CH,),CCfIOH), 3.77 (dd, 
J = 4.3,4.2 H z , I H ,  CHOH), 3 . 3 0 ( d q , J =  6.9, 6.7 Hz, 1H. C(O)CHCH,), 
2.78 (dd, J =  6.7, 5.7Hz, l H ,  CHOCCH,), 2.54 (dd, J =14.2, 10.1 Hz, 1 H, 
CH,COOCH), 2.44 (s, 3H, N=C(CH,)O), 2.39 (dd. J =14.3, 3.1 Hz, 
CH,COOCH), 2.02 (m, l H ,  (CH,)COCHCH,CHO), 2.00 (s, 3H. 
CH=CCI-I,), 1.91 (m, 1 H, (CH,)COCHCH,CHO), 1.75-1.66 (m, 3H),  
1.53-1.36 (m, 4H), 1.35 (s, 3H. C(CH,)OCHCH,), 1.27 (s. 3H,  C(CH,),), 
1.16 (d, . I= 6.9Hz, 3H,  CH(CH,)), 1.07 (s, 3H, C(CH,),), 0.99 (d. 
J = 7 . 0 H z ,  3H,  CH(CH,)); ',C NMR (150.9 MHz. CDCI,): 6 = 220.4, 
170.3, 164.8, 137.2, 136.4, 135.7, 116.1, 76.4,74.4, 73.3,61.3. 61.2, 52.7. 43.4. 
39.0, 36.5, 32.0, 31.9, 30.7, 22.9, 22.7, 21.1, 20.7, 17.3, 16.0. 14.3, 14.1, 13.9; 
FAB HRMS (NBA): ni/e = 492.2972, M + H +  calcd for C,,H,,NO, 
492.2961. 
30: R, = 0.17 (silica gel, 50% EtOAc in hexanes); [a];' = - 30.4 (c 0.1, 
CHCI,); IR (thin film): V,,, = 3418. 2930, 1735, 1689, 1583. 1460, 1382. 
1254, 1152, 1056cm-'; ' H N M R  (600MHz. CDCI,): 6=7.49 (s. 1H. 
OCH=C), 6.35 (s, 1 H, CH=CCH,), 5.66 (d. J =  9.1 Hz, 1 H, 
CH,COOCH), 4.11 (brm, 1 H, (CH,),CCHOH), 4.05 (brd, J = 2.7 Hz, I H, 
CHOH), 3.32 (dq, J=7 .1 ,  0.7Hz, 1H.  C(O)CHCH,), 3.05 (dd, J=10.6,  
0.4Hz. I H ,  CHOCCH,), 2.76 (brs, I H ,  OH), 2.47 (buried m, 1H. 
CH,COOCH). 2.45 (s, 3H, N=C(CH,)O), 2.39, (dd, J=12.7. 0.8 Hz, 
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CH,COOCH), 2.06(dd, J=15.4, 3.5 Hz, IH,  (CH,)COCHCH,CHO), 2.00 
(s, 3H, CH=CCH,), 1.82 (m, l H ,  (CH,)COCHCH,CHO), 1.77-1.70 (m, 
3H), 1.51-1.34 (m, 4H).  1.35 (s, 3H,  C(CH,)OCHCH,), 1.25 (s, 3H, 
CtCH,),), 1.09 (d, J = 7 . 0 H z ,  3H,  CH(CH,)), 1.02 ( s ,  3H, C(CH,),), 0.92 
(d. J =7.1 Hz, 3H,  CH(CH,)); I3C NMR (150.9 MHz, CDC1,): 6 = 223.2, 
170.8, 161.3, 137.7, 137.5, 136.1, 116.2, 75.9,74.4, 71.0.65.4, 62.5, 51.3, 42.3, 
38.5, 38.4, 33.3, 31.7, 31.2, 22.9, 21.6, 21.3, 18.2, 15.9, 15.3, 13.6, 12.5; FAB 
HRMS (NBA/CsI): m/e = 624.1921, M+Cs+ calcd for C,,H,ZNO, 
624.1937. 


Epoxides 31 and 32: epoxidation of lactone 29: Compound 29 (4.3 mg, 
9.0 flmol) wdS epoxidized with rnCPBA according to the procedure described 
above for 4 to yield a mixture of 20-oxa-epothilone B (31) and its a-epoxy 
diastereoisomer 32 (2.2mg, 50% total yield, ca 5.1 by 'HNMR).  Purifica- 
tion by preparative thin-layer chromatography (silica gel, 5 %  MeOH in 
CH,Cl,) gave pure epoxide 31 (1.7 mg, 38 %) as a white solid and epoxide 32 
(0.3 mg, 7 YO). 
31: R, = 0.29 (silica gel, 5 %  MeOH in CH,CI,); [a]? = - 28.0 (C = 0.1, 
CHCI,); IR (thin film): 5,,, = 3460, 2931, 1731, 1684, 1578, 1455, 1378, 
1255. 1149, 1102, 1049, 978, 914, 726cm-'; 'HNMR (500MHz, CDCI,): 
6 =7.56 (5 ,  1 H. OCH=C), 6.34 (s, 1 H, CH=CCH,), 5.48 (dd, J = 8.4, 
3.5 Hz, 1 H, CH,COOCH), 4.25 (br, 1 H, (CH,),CCHOH), 3.86 (brs, 1 H, 
OH). 3.76 (br, 1 H, CHOH), 3.31 (dq, J = 6.8, 6.7 Hz, 1 H, C(O)CHCH,), 
2.86 (dd, J = 6.7, 4.2 Hz, 1 H, CHOCCH,), 2.62 (br, l H ,  OH), 2.55 (dd, 
J = 1 3 . 5 ,  10.3H2, I H ,  CH,COOCH), 2.46 (dd, J=13.5,  3.9Hz. l H ,  
CH,COOCH), 2.45 (s, 3H,  N=C(CH,)O), 2.05-1.99 (m, 2H) ,  1.97 (s, 3H, 
CH=C(CH,)), 1.96-1.92 (m, I H), 1.75-1.67 (m, I H ) ,  1.49-1.42 (m, 2H),  
1.38 (s, 3H, C(CH,)OCHCH,). 1.27 (s. 3H,  C(CH,),), 1.26-1.24 (m, 1 H), 
1.14 (d, J =  6.8 Hz, 3H, CH(CH,)). 1.13-1.08 (m, 2H),  1.05 (s, 3H, 
C(CH,),), 0.95 (d, J =7.0 Hz, 3H,  CHICH,)); I3C NMR (150.9 MHz, CD- 
Cl,): 6 = 220.2, 171.0, 161.2, 137.5, 136.5, 135.9, 116.1, 77.1, 75.7, 73.2, 60.9, 
59.7, 52.5, 43.8, 38.3, 36.7, 35.9, 32.4, 30.8, 21.3, 20.9, 19.1, 17.4, 16.8, 15.5, 
14.3, 33.5; FAB HRMS (NBA/CsI): m/e = 624.1958, M+Cs+ calcd for 
C,,H,,NO, 624.1937. 
32: R, = 0.27 (silica gel, 5 %  MeOH in CH,C1,); [a]? = - 20.0 (c = 0.02, 
CHC1,); IR (thin film): = 3458, 2931, 1729, 1681, 1578, 1458, 1378, 
1256. 1152, 1102, 1049, 978, 914, 726cm-'; ' H N M R  (500 MHz, CDCI,): 
6 =7.48 (s, 1 H, OCH=C), 6.30 (s, 1 H, CH=CCH,), 5.45 (dd, J = 6.7, 
6.1 Hz, 1 H, CH,COOCH), 4.25 (hr, 1 H,  (CH,),CCHOH), 3.74 (br, 1 H, 
CHOH), 3.50 (brs, 1 H, OH), 3.25 (dq. J = 6.7, 3.4 Hz, 1 H, C(O)CHCH,), 
2.92 (t, J = 5 . 7 H z ,  l H ,  CHOCCH,), 2.54 (dd, J=15.2,  9.8Hz, I H ,  
CH,COOCHj, 2.48 (dd, J =  15.2, 3.5 Hz, 1 H, CH,COOCH), 2.45 (s, 3H,  
N=C(CH,)O), 2.00 (dd, J=7 .3 ,  5.8 Hz, I H ) ,  1.98 (s, 3H,  CH=C(CH,)), 
1.90-1.70 (m, 2H). 1.69-1.67 (m, I H ) ,  1.45-1.38 (m, 2H) .  1.35 (s, 3H,  
C(CH,)OCHCH,), 1.25 (s, 3H,  C(CH,),). 1.27-1.25 (m, I H ) ,  1.14 (d, 
J = 6.8 Hz, 3H. CH(CH,)), 1.12-1.08 (m, 2H),  1.08 (s. 3H,  C(CH,),), 0.95 
id, J =7.0 Hz, 3H,  CH(CH,)); FAB HRMS (NBA/NaI): mje = 514.2795, 
M + N a +  calcd for C,,H,,NO, 514.2781. 


a$-Unsaturated ester 33: A mixture of aldehyde 12 (13.35 g, 43.1 mmol) and 
stabilized ylide 13 (48.45 g. 129.4 mmol, 3.0 equiv [prepared from 4-bromo-l- 
hutene by: I )  phosphonium salt formation, 2) anion formation with NaH- 
MDS. and 3) quenching with MeOC(0)C1])[27J in benzene (500 mL) was 
heated at reflux for 1 h. After the mixture had cooled to 25 "C, the solvent was 
removed under reduced pressure, and the residue was subjected to flash 
column chromatography (silica gel, 60% ether in hexanes) to afford r,/j-un- 
saturated ester 33 (15.74 g, 90%): R, = 0.53 (silica gel, 60% ether in hex- 
aner); [ a ] r  = + 8.8 (c = 0.7, CHC1,); IR (thin film): ?,,, = 2929, 2856, 
1716, 1639, 1586, 1436, 1437, 1074, 835, 777 cm-'; 'HNMR (600 MHz, 
CDCI,): 6=7.45 (s, I H ,  OCH=C), 6.87 (dd, J=7 .4 ,  7.4Hz, I H ,  
CH=CCOOCH,),6.21(s,1H,CH=CCH3),5.81-5.74(m,1H,CH=CH,), 
5.01-4.92 (m, 2H,  CH=CH,), 4.19 (dd, l H ,  J=7 .6 ,  5.1 Hz, CHOSi), 3.70 
(s, 3 H, COUCH,), 3.05 (d, J =  5.9 Hz, 2H, CH,CH=CH,), 2.44 (partially 
obscured m. l H ,  CH,CHOSi), 2.43 (s, 3H, N=C(O)CH,), 2.36 (ddd, 
J=12.6, 7.5, 5.1 Hz, I H ,  CH,CHOSi), 1.87 (s, 3H,  CH=CCH,), 0.86 (s, 
9H,  SiC(CH,),). 0.02 (s, 3H,  Si(CH,),), -0.03 (s, 3 H, Si(CH,),); I3CNMR 
(150.9 MHz, CDCI,): 6 =167.8, 160.6, 141.3, 140.4, 137.87, 135.3, 130.7, 


HRMS (NBA): n?/e = 406.2430, M + H '  cdicd for C,,H,,NO,Si 406.2414. 


Allylic alcohol 34: Methyl ester 33 (14.1 g, 34.7 mmol) was dissolved in THF 
(200 mL, 0.17M) and cooled to -78°C. DlBAL (122.0 mL, 1 . 0 ~  solution in 


115.4, 115.0, 77.2, 51.7, 36.0, 30.9, 25.7, 18.1, 14.2, 13.8, -4.7, -5.1; FAB 


CH,C12. 122.0mmo1, 3.0equiv) was added dropwise at -78"C, and the 
reaction mixture was stirred for 3 h. The reaction was quenched with MeOH 
(10.0 mLj at -78 "C, and then ether (300 mL) was added, followed by satu- 
rated aqueous sodium-potasium tartrate solution (300 mL). The resulting 
mixture was allowed to warm to room temperature and then stirred for 12 h. 
The organic layer was separated, and the aqueous phase extracted with ether 
(2 x 500 mL). The combined organic phase was dried (MgSO,), filtered, and 
concentrated under reduced pressure. Flash column chromatography (sihca 
gel, 60% ether in hexanes) furnished alcohol 34 (13.1 g, 99%): R, = 0.22 
(silica gel, 60% ether in hexanes); [a];* = + 5.2 (c =1.0, CHCI,); IR (thin 
film): Cmax = 3379, 2930, 1637, 1583, 1462, 1252, 1071, 837, 777cm-'; 
'HNMR (600 MHz, CDCI,): 6 =7.47 (s, 1 H, OCH=C), 6.16 (s, 1 H, 
CI-I=CCH,), 5.77-5.72 (m, 1 H, CH=CH,), 5.49 (dd, J=7 .2 ,  7.1 Hz, 1H,  
Cff=CCH,OH), 5.03 (ddd, J = 3 8 . 3 ,  17.1. 1.3Hz, I H ,  CH=CH,), 4.98 
(ddd , .~=11.5 ,10 .0 ,1 .3H~,1H,CH=CH,) ,4 .13(dd ,J=6.5 ,6 .3H~,  1H,  
CHOSi), 3.99 (s, 2H, CH,OH), 2.84 (d AB q. J=15.2,  6.6Hz. 2H. 
CH,CH=CH,),2.43(~,3H,N=C(O)CH,),2.32(ddd,J=14.4,7.2,7.2Hz, 
1H,CU2CHOSi),2.26(ddd,J=14.3, 7.1,7.1 Hz, lH,CH,CHOSi), 1.84(s, 
3H,  CH=CCH,), 0.86 (s, 9H,  SiC(CH,),), 0.02 (s, 3H,  Si(CH,),), -0.02 (s, 
3H,  Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 6 =162.5, 142.8, 138.9, 
136.6, 136.0, 125.0. 116.3, 116.1, 78.8, 67.9, 35.6. 33.4, 26.6, 19.0, 15.0, 14.7, 
-3.8, -4.1; FAB HRMS (NBA): m/e = 378.2458, M + H +  calcd for 
C,,H,,NO,Si 378.2464. 


Compound 35-chlorination of alcohol 34: Alcohol 34 (33.69 g, 36.3 mmol) 
was dissolved in CC1, (400 mL, 0 . 0 9 ~ )  and Ph,P (24.0 g, 91 mmol, 2.5 equiv) 
was added. The reaction mixture was stirred at 100 "C for 24 h and cooled to 
room temperature. The solvent was removed under reduced pressure. Flash 
column chromatography (silica gel, 10 + 60% ether in hexanes) furnished 
pure 35 (11.64 g, 81 %): R,  = 0.68 (silica gel, 60% ether in hexanes); 
[a]6' = +7.8 (c = 0.6, CHC1,); IR (thin film): fmaX = 2952, 2857. 1639, 1585, 
1440, 1078, 836, 777, 637 cm-'; ' H N M R  (600 MHz, CDCI,): 6 =7.48 (s, 
1 H, OCH=C), 6.19 (s, l H ,  CH=CCH,), 5.74-5.69 (m, 1H. CH=CH,). 
5.63 (dd. J=7.3, 7.2H2, l H ,  CH,CH=CCH,Cl), 5.56 (ddd, J=17.1, 3.3, 
1.6H2, l H ,  CH=CH,), 5.03 (ddd, J=10.1, 2.9, 1.6Hz, 1H. CH=CH,), 


J=15.3, 6.3 Hz, I H ,  CH,CH=CH,), 2.91 (dd, J =15.3, 6.5Hz, l H ,  
CH,CH=CH,), 2.44 (s, 3H, N=C(O)CH,), 2.34 (ddd. J = 14.8, 7.4, 7.4 Hz, 
I H ,  CH2CHOSi),2.27(ddd,J=14.7,7.1,7.1 Hz, lH,CH,CHOSi), 1.87(s, 
3H,  CH=CCH,), 0.89 (s, 9H,  SiC(CH,),), 0.03 (s, 3H,  Si(CH,),), -0.02 (s, 
3H,  Si(CH,),); I3C NMR (150.9MHz, CDCI,): 6 =161.5, 150.5, 142.5, 
138.9, 136.1, 135.7, 129.6, 117.1, 116.2, 78.6, 50.7, 36.1,33.2, 26.7, 19.0, 15.1, 
14.7, -3.9, -4.1; FAB HRMS (NBA): mje = 396.2144, M + H +  calcd for 
C,1H,5CIN0,Si 396.2126. 


Compound 36reduction of 35: Compound 35 (11.64 g, 29.4 mmol) was dis- 
solved in THF (400 mL, 0 . 0 7 ~ )  and cooled to 0°C. LiEt,BH (59.0 mL, 1 . 0 ~  
solution in THF, 59.0 mmol, 2.0 equiv) was added dropwise, and the reaction 
mixture stirred at 0°C for 1 h. Aqueous NaOH (IOmL, 3 . 0 ~ )  solution was 
added, followed by ether (500 mL). The organic phase was washed with brine 
(2 x 100 mL), dried (MgSO,), and concentrated. Flash column chromatogra- 
phy (silica gel, 20% ether in hexanes) furnished pure 36 (10.25 g, 97%): 
R,  = 0.40 (silica gel, 20% ether in hexanes); [a];' = + 8.7 (c = 0.3, CHCI,); 
IR (thin film): tmar = 2931, 2856, 1636, 1585, 1442, 1252, 1076, 776 cm-I; 
'HNMR (600 MHz, CDCI,): 6 =7.47 (s, l H ,  OCH=C), 6.16 (s, l H ,  
CH=CCH3),5.77-5.69(m, lH,CH=CH,),5.19(dd,J=7.2,7,2Hz, I H ,  
CH,CH=CCH,), 5.01 (ddd, J=17.0, 3.5, 1.9 Hz, I H ,  CH=CH,), 4.96 
(ddd, J=10.1,  2.9, 1.5Hz, l H ,  CH=CH2),4.08(dd,  J = 6 . 5 ,  6.5Hz, 1H.  
CHOSi),2.78(dd,J=14.6,6.5Hz, 1H,CH,CH=CH2),2.70(dd,J=14.7, 
6.3 HI., 1 H, CH,CH=CH,), 2.43 (s, 3H, N=C(O)CH,), 2.28 (ddd, J = 14.8, 
7.4, 7.4Hz, l H ,  CH,CHOSi). 2.21 (ddd, J = l 4 . 5 ,  7.1, 7.1Hz, 1H.  
CH,CHOSi), 1.85 (s, 3H,  CH=CCH,), 1.65 (s, 3H, CH,CH=CCH,), 0.87 
(s, 9H,  SiC(CH,),), 0.02 (s, 3H,  Si(CH,),), -0.02 (a 3 H ,  Si(CH,),); I3C 


123.2, 115.9, 79.3, 37.4, 36.1, 26.7, 24.3, 19.0, 15.0, 14.7, - 3.9, -4.1; FAB 
HRMS (NBA): m/e = 396.2144, M + H +  calcd for C,,H,,ClNO,Si 
396.2126. 


4.14 (dd, J =  6.9. 5.9 Hz, 3 H, CHOSi), 4.00 (s, 2H, CH,Cl), 2.95 (dd. 


NMR (150.9 MHz, CDC1,): 6 =161.4, 143.1, 139.0. 136.9, 135.9, 135.3, 


Primary alcohol 37-selective hydroboration of olefinic compound 36: Com- 
pound 36 (10.25 g, 28.34 mmol) was dissolved in THF (30.0 mL, 0 . 9 5 ~ ) ,  and 
the solution cooled to 0°C. 9-BBN (62.36mL, 0 . 5 ~  solution in THF, 
62.36 mmol, 1.1 equiv) was added, and the reaction mixture stirred for 2 h at 
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0 "C. Aqueous NaOH (57 mL, 3~ solution, 171 mmol, 7.2 equiv) was added 
with stirring, followed by H,O, (20 mL, 30%, aqueous solution). Stirring 
was continued for 0.5 h at 0 ° C  and the reaction mixture was then diluted 
with ether (300 mL). The organic solution was separated, and the aqueous 
phase extracted with ether (2 x 200 mL). The combined organic layer was 
washed with brine (2 x 50 mL), dried (Na,SO,), and concentrated in vacuo. 
Flash column chromatography (silica gel, 60 % ether in hexanes) furnished 
primary alcohol 37 as a colorless oil (9.9 g, 92%): R, = 0.22 (silica gel. 60% 
ether in hexanes); [a];' = + 1.3 (c = 0.3, CHCI,); IR (thin film): 3,,, = 3407, 
2929,1694,1584,1461,1252,1098,669 cm-'; 'HNMR (600 MHz, CDCI,): 
6=7.45 (S, I H ,  OCH=C), 6.16 (s, l H ,  CII=CCH,), 5.15 (dd, J=7 .2 ,  
7.2Hz, 1H,CH2CH=CCH,),4.10(dd,J=6.7,6.2Hz, lH,CHOSi) ,  3.60 
(dd, J=10.4,  6.0Hz, 2H, CH,OH), 2.43 (s, 3H, N=C(O)CH,), 2.30 (ddd, 
J=14.2,7.4.7.4Hz, 1H,CH2CHOSi),2.21 (ddd,J=14.4,7.3,7.3Hz,  l H ,  
CH,CHOSi), 2.09 (dd, J=7 .7 ,  7.6 Hz, 2H,  CH,CH,CH,OH), 1.86 (s, 3H,  
CH=CCH,), 1.67 (s, 3H,  CH,CH=CCH,). 1.65-1.58 (m, 2H, 
CH,CH,OH), 0.87 (s, 9H,  SiC(CH,),), 0.03 (s, 3H, Si(CH,),), -0.01 (s, 
3H, Si(CH,),); 13C NMR (150.9 MHz, CDCI,): 6 =161.5, 143.2, 138.9, 
137.1, 136.0, 123.0, 115.8, 79.4, 63.4, 36.2, 31.6, 28.9, 26.7, 24.2, 19.1, 15.2, 
14.6, -3.9, -4.1; FAB HRMS (NBA): m/e = 380.2636, M+H+ calcd for 
C,,H,,NO,Si 380.2621. 


Iodide 11-iodination of alcohol 37: Iodide 11 (10.58 g, 89%) was obtained 
from alcohol 37 (9.9 g, 26.0 mmol) according to the procedure described 
above for 17: R, = 0.65 (silica gel, 60% ether in hexanes); [XI;' = + 3.0 
( c  = 0.4, CHCI,); IR (thin film): Cmax = 2928, 1585, 1461. 1096, 837 cm-I;  
'HNMR (600 MHz, CDCl,): b =7.46 (s ,  1 H, OCH=C), 6.17 ( s ,  1 H, 
CH=CCH,), 5.17 (dd, J=7.5,  6.9 Hz, 1 H, CH,CH=CCH,), 4.08 (dd, 
J = 6.8, 6.1 Hz, 1 H, CHOSi), 3.14 (dd, J =7.1, 7.0 Hz, 2H,  CH,I), 2.44 (s, 
3H,  N=C(O)CH,), 2.30 (ddd, J=14.2,  7.0, 7.0 Hz, I H ,  CH,CHOSi), 2.21 
(ddd,J=14.3, 7.1, 7.1 Hz, lH,CH,CHOSi),2.14-2.03 (m, 2H), 1.93-1.86 
(m,2Hj,  1.87(s, 3H,  CH=CCH,), 1.66(s, 3H,CH2CH=CCIf,)0.87(s,9H, 
SiC(CH,),), 0.03 (s. 3H,  Si(CH,),), -0.02 (s, 3H,  Si(CH,),); I3C NMR 
(150.9 MHz, CDCI,): 6 =161.4, 143.1, 139.0, 135.9, 135.6,123.8, 115.9, 79.3, 


(NBA): m/e = 490.1627, M + H +  calcd for C,,H,,INO,Si 490.1639. 
36.3, 33.6, 32.8, 26.7, 24.3, 19.0, 15.2, 14.7, 7.4. -3.9, -4.1; FAB HRMS 


Hydrazone 38-alkylation of SAMP hydrazone LO with iodide 11: SAMP 
hydrazone 10 (4.78 g, 28.1 mmol, 1.3 equiv) in THF (15.0 mL) was added to 
a freshly prepared solution of LDA [diisopropylamine (4.0 mL, 30.5 mmol, 
1.4equiv) was added to nBuLi (18.9mL, 1 . 6 0 ~  solution in hexanes, 
30.5 mmol. 1.4 equiv) in 30.0 mL of T H F  at O"C] at 0 "C. After stirring at this 
temperature for 16 h, the resulting yellow solution was cooled to - 10O"C, 
and a solution of iodide 11 (10.58 g. 21.6 mmol, 1.0 equiv) in T H F  (30.0 mL) 
was added dropwise over a period of 5 min. The mixture was allowed to warm 
to - 20 "Cover 10 h, and then poured into saturated aqueous NH,CI solution 
(50 mL) and extracted with ether (3 x 100 mL). The combined organic ex- 
tracts were dried (MgSO,), filtered, and evaporated. Purification by flash 
column chromatography on silica gel (40 YO ether in hexanes) provided hydra- 
zone38(9.91g,86%,de >98% by 'HNMR)asayellowoil:R, = 0.22(silica 
gel, 40% ether in hexanes); [a]? = - 28.0 (c = 0.7, CHCI,); IR (thin film): 
CmaX = 2930, 1726, 1585, 1460, 1100, 837, 777 cm-I;  'HNMR (600 MHz, 
CDCl3):6=7.44(~,1H,OCH=C),6.47(d,J=6.5H~,1H,CNH),6.l6(s, 
1 H, CH=CCH,), 5.10 (dd, J =7.1, 6.9 Hz, 1 H,  CH,CH=CCH,), 4.06 (dd, 
J =  6.6, 6.3 Hz, I H ,  CHOSi), 3.56 (dd, J = 6.2, 3.8 Hz, I H ,  CH,OCH,), 
3.41 (dd, J = 9.2, 6.9 Hz, 1 H, CH,OCH,), 3.36 (s, 3H, CH,OCH,), 3.35- 
3 .32(m,2H, CH2N),2.74-2.64(m, 1H),2.43 (s, 3H,  N=C(O)CH,),2.31- 
2.17 (m, 3H), 2.04-1.84 (m, SH), 1.84 (s. 3H, CH=CCH,), 1.77-1.72 (m, 
l H ) ,  1.63 (s, 3H, CH,CH=CCH,), 1.42-1.22 (m, 4H), 1.01 (d, J =  6.7 Hz, 
CHCH,), 0.87 (s, 9H,  SiC(CH,),), 0.02 (s, 3H,  Si(CH,),), -0.02 (s, 3H, 
Si(CH,),j; " C  NMR (150.9 MHz, CDCI,): 6 =160.5. 144.4, 142.4, 138.1, 
136.8, 135.0, 121.4, 115.0, 78.6, 74.8, 63.6. 59.2, 50.5, 37.1, 35.4, 35.2, 32.0, 


(NBA/CsI): m/e = 664.2933, M+Cs+ calcd for C3,H,,N,0,Si 664.2911. 
26.5, 25.8, 25.5, 23.4, 22.1, 19.00, 14.2, 13.8, -4.7, -5.0; FAB HRMS 


Nitrile 39: The magnesium salt of monoperoxyphthalic acid (MMPP.6H20,  
2.82 g, 45.6 mmol, 2.5 equiv) was suspended in a rapidly stirred mixture of 
MeOH and pH 7 phosphate buffer (2:1, 300mL) at 0°C. Hydrazone 38 
(9.7 g, 18.23 mmol, 1 .O equiv) in MeOH (20 mL) was added dropwise, and the 
mixture was stirred at 0°C until the reaction was complete by TLC (ca. 1 h). 
The resulting suspension was placed in a separating funnel along with ether 
(150 mL) and saturated aqueous NaHCO, solution (50 mL). The organic 


layer was separated, and the aqueous phase cxtracted with ether (100 mL) 
The combined organic solution was washed with water (50 mL) and brine 
(50 mL), dried (MgSO,). and concentrated. Flash column chromatography 
(silica gel. 40 % ether in hexanes) afforded nitrile 39 (3.5 g, 46%) as a colorless 
oil: R, = 0.42 (silica gel, 40% ether in hexanes): [x]P = +10.6 (c =1.0. 
CHCI,): IR (thin film): = 2931, 2237, 1584, 1452, 1099, 940, 837. 
777 cm-': 'H NMR (600 MHz, CDCI,): 6 =7.46 (s, 1 H, OCH=C). 6.16 (s, 
1 H, CH=CCH,), 5.14 (dd, J=7 .3 ,  6.8 Hz, 1 H, CH,CII=CCH,). 4.06 (dd, 
J = 6 . 6 ,  6.1Hz, l H ,  CHOSi). 2.57 (m, 1H.  C(H)CH,), 2.43 (s, 3H. 
N=C(O)CH,), 2.22 (ddd, J=14.1, 7.3. 7.3, 1H.  CH,CHOSi), 2.18 (ddd, 
J=14.4, 7.5, 7.5Hz, I H ,  CH,CHOSi). 2.00 (m. 2H) .  1.85 (s, 3 H ,  
CH=CCH,), 1.65 (s, 3H, CH,CH=CCH,) 1.64-1.43 (m, 4H),  1.29 (d. 
J =7.0 Hz, CHCH,), 0.86 (s, 9H, SiC(CH,),). 0.02 (s, 3 H, Si(CH,,),), -0.03 
(s, 3H, Si(CH,),); 13C NMR (125.7 MHz, CDCI,): 6 = 161.5, 143.1, 138.9, 
136.5, 136.0, 123.8, 123.1, 115.9, 79.3, 36.2, 34.6, 32.4. 26.7. 26.3, 26.1. 24.2, 


M + H +  calcd for C2,H,,N20,Si 417.2937. 
19.0, 18.9, 15.1, 14.7, -3.8, -4.1: FAB HRMS (NBA): t ~ ~ : ~ ~ =  417.2953, 


Aldehyde 6 :  Nitrile 39 (1.30 g, 3.1 mmol) was dissolved in toluene (50 niL. 
0 . 0 6 ~ )  and cooled to -78°C. DIBAL (6.3 mL, 1 . 0 ~  solution in toluene, 
6.3 mmol, 2.0 equiv) was added dropwise at - 78 " C ,  and the reaction mixture 
was stirred at this temperature until its completion was verified by TLC (GI. 


1 h) .  Methanol (5 mL) and aqueous HCI (5 mL. 1 . 0 ~  solution) were sequen- 
tially added, and the resulting mixture was brought up to 0 C and stirred at 
that temperature for 30 min. Ether (50 mL) and water (20 mL) were added. 
and the organic layer was separated. The aqueous phase was extracted with 
ether (2 x 50 mL) and the combined organic solution was washed with brine 
(50 mL), dried (MgSO,), filtered, and concentrated under reduced pressure. 
Flash column chromatography (silica gel, 40 % ether in hexanes) furnished 
pure aldehyde 6 (1.09 g, 84%): R,, = 0.41 (silica gel, 40% ether in hexanes): 
[a]? = + 8.0 (c = 0.4, CHCI,); TR (thin film): Vmar = 2931, 2849. 1725, 1584, 
1461, 1384, 1251, 1101, 837, 776. 671 cm I ;  'H NMR (500 MHL, CDCI,): 
6 = 9.60 (d, J = 2.0 Hz, 1 H, CHO), 7.47 (s. 1 H, OCH=C). 6.17 (s, 1 H. 
CH=CCH,), 5.14 (dd, J = 6 . 1 ,  5.5Hz, l H ,  CH,CH=CCH,), 4.07 (dd, 
J = 6.5, 6.5 Hz, l H ,  CHOSi), 2.45 (s, 3H,  N=C(O)CH,). 2.33 -2.20 (m. 
3H),2.03-2.01(m.2H),1.87(s,3H,CH=CCH,),1.71-l.65(m,IH).1.66 
(d, J =1.0 Hz, 3H,  CH,CH=CCH,), 1.42-1.24, (in. 3H) .  1.08 (d, 
J = 7 . 0 H z ,  3H. CH,CH), 0.88 (s, 9H, SiC(CH,),), 0.03 (s, 3H, Si(CH,)2). 
-0.01 (s, 3H, Si(CH,),): I3C NMR (125.7 MHz, CDCI,): 6 = 206.0, 161.4, 
143.1, 139.0, 137.0. 135.9, 122.8, 115.9, 79.4,47.1, 36.2.32.7, 31.2. 26.7. 26.1. 
24.2, 19.1, 15.1, 34.7, 14.2, -3.8, -4.1. 


Tris(sily1 ethers) 21 and 22-aldol reaction of ketone 7 with aldehyde 6 :  A 
solution ofketone 7 (1.34 g, 3.3 mmol, 1.4 equiv) in T H F  (5.0 mLj was added 
dropwise to a freshly prepared solution of LDA [diisopropylamine (468 pL, 
3.6mmol) was added to nBuLi (2.23 mL, 1 . 6 0 ~  solution in hexanes, 
3.7 mmol) in 10 mL of T H F  at O"C] in T H F  (5.0 mL) at -78 C. After the 
mixture had been stirred for 2 h at - 78 ' C, a solution of aldehyde 6 (1 .O g, 
2.4 mmol, 1.0 equiv) in T H F  (5.0 mL) was added dropwise. The resulting 
mixture was stirred for 15 min at -78 'C, and then quenched by dropwise 
addition of saturated aqueous NH,CI solution (7 mL). Thc aqueous phase 
was extracted with ether (3 x 20 mL), and the combined organic layer was 
dried (MgSO,) and concentrated. Purification by flash column chromatogra- 
phy (silica gel, 20% ether in hexanes) provided pure 21 (1.1 54 g, 59%) and 
22 (273 mg, 14%). 
21: colorless oil; R, = 0.46 (silica gel, 40% ether in hexanes): [a]? = - 17.8 
( c  = 0.5, CHCI,); IR (thin film): C,,, = 3494. 2925, 2861, 1683, 1583, 1253. 
1099 cm- I ;  'HNMR (600 MHz, CDCI,): b =7.43 (s, 1 H, OCH=C),  6.15 (s, 


(dd, J = 6 . 5 ,  6.4Hz. I H ,  (CH,),CCHOSi), 3.89 (dd, J = 7 . 5 ,  2.8Hz, I H ,  
CH,CHOSi), 3.67-3.62 (m. 1 H, CH(CH,)CHOH), 3.68-3.55 (m, 2H. 
CH,OSi), 3.28 (m, 1 H, C(O)CH(CH,)), 2.42 (s, 3H. N=C(CH,)O), 2.27- 
2.15 (in, 2H, C(CH,)=CHCH,), 2.13- 1.94 (m. 2H. CH2C(CH,)=CH), 
1.84 (s, 3H,  CH=C(CH,)), 1.64 (s, 3H,  C(CH,)=CHCH,). 1.80-1.46 (m. 
S H ) ,  1.34 1.25 (m, 2H),  1.39 (s, 3H,  C(CH,),). 1.07 (s, 3H. C(CH,),). 1.01 
(d, .I = 6.9 Hz, 3H, CH(CH,)), 0.88 (5, 9H,  SiC(CH,),). 0.87 (s, 9 H. 
SiC(CH,),), 0.86, (s. 9 H ,  SiC(CH,),), 0.80 (d, J = 6.7 Hz. 3H, CH(CH,)). 
0.10 (s. 3H,  Si(CH,),), 0.09 (s, 3H. Si(CH,),), 0.06 (s, 3H.  Si(CH,),). 0.02 
(s, 6H. Si(CH,),), 0.01 (s, 3H. Si(CH,),). -0.03 (s, 3H. Si(CH,),): 
NMR (150.9 MHz, CDCI,): 6 = 222.9, 161.2, 143.1. 139.0. 137.7. 135.8. 
122.1, 115.8. 79.6, 75.7, 75.0, 61.4, 54.9.42.3, 38.8, 36.5, 36.2, 33.9. 33.3. 27.0. 
26.9.26.8, 24.5. 23.9, 21.5, 19.3, 19.2, 19.1. 16.4, 15.2. 14.8. 10.6, -2.7. -3.0. 


1 H, CH=CCH,), 5.08 (dd, J=7 .0 ,  6.7 HZ , 1H. C(CH,)=CHCH,), 4.05 
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-3.7, -3.9. -4.2; FABHRMS (NBAJCsI): m / r  = 954.4932, M+Cs+ calcd 
for C,,H,,NO,Si, 954.4896. 
22: colorless oil; R, = 0.43 (silica gel, 40% ether in hexanes); IR (thin film): 
Cmax =3501, 2927, 1687, 1585, 1464, 1253, 1098, 776cm- ' ;  'HNMR 
(600 MHz, CDCI,): 6 =7.44 ( s ,  I H ,  OCH=C). 6.16 (s, I H, CH=CCH,), 
5.11 (dd. J =  8.4, 7.2 Hz, I H ,  C(CH,)=CHCH,), 4.08- 4.04 (m, l H ,  
(CH,),CCHOSi), 3.67-3.57 (m. 3H,  CH2CHOSi. CH,OSi), 3.38-3.34 (m, 
1 H, CH(CH,)CHOH), 3.31 -3.24 (m. 1 H. C(O)CH(CH,)), 2.43 (s, 3H, 
N=C(CH,)O), 2.32-2.16 (m, 2H. C(CH,)=CHCH,), 1.85 (s, 3H. 
CH=C(CH,)), 1.99-1.84 (m, 2H. CH,C(CH,)=CH), 1.65 (s, 3H,  
C(CH,)=CHCH,), 1.55-1.44 (m, 5H),  1.35-1.27 (m, 2H) .  1.20 (s, 3H, 
C(CH,),), 1.11 (s, 3H, C(CH,),), 1.08 (d, J =  6.9 Hz, 3H. CH(CH,)). 0.96 
(d, J =7.0 Hz, 3H, CH(CH,)), 0.89 (s, 9H,  SiC(CH,),), 0.87 (s, YH, 
SiC(CH,),), 0.86 (s, YH, SiC(CH,),), 0.09 (s, 3H, Si(CH,),), 0.07 (s, 3H,  
Si(CH,),), 0.04 (s, 3H, Si(CH,),), 0.03 (s, 6H,  Si(CH,),), -0.03 (s, 3H, 
Si(CH,),); FAB HRMS (NBA/CsI): m/e = 954 4928, M+Cs'  calcd for 
C,,H8,N0,Si, 954.4896. 


Tetra(sily1 ether) 23: Tetra(sily1 ether) 23 (1.22 g, 93 "/.) was obtained from 
compound 21 (1 ,354 g, 1.4 mmol) according to the procedure described above 
for 21'. 23: R, = 0.64 (silica gel, 40% ether in hexanes); [e]P = -15.8 
(c = 0.5. CHCI,): IR (thin film): Smax = 2931, 1695, 1587. 1465, 1384, 1253, 
1098, 942. 671 cm-I; 'HNMR (600MHz, CDC1,): 6 ~ 7 . 4 4  (s, I H ,  
OCH=C), 6.16 (s, 1H. CH=CCH,), 5.09 (dd, J = 6 . 9 ,  6.7Hz, l H ,  
C(CH,)=CHCH,), 4.06 (dd, J =  6.8, 6.0 Hz, l H ,  (CH,),CCHOSi), 3.88 
(dd, J=7.5, 2.5Hz, I H ,  CH,CHOSi), 3.75 (dd, J = 6 . 5 ,  l.YHz, l H ,  
CH(CH,)CHOSi), 3.68-3.64 (m. 1 H, CH,OSi), 3.60-3.54 (m, 1 H, 
CH,OSi), 3.13 (dd, J = 6 . 8 ,  6.7Hz, l H ,  C(O)CH(CH,)). 2.43 (s, 3H,  
N=C(CH,)O), 2.25-2.15 (m, 2H, C(CH,)=CHCH,), 2.01-3.94 (m, 2H,  
CH,C(CH,)=CH), 1.85 (s, 3H, CH=C(CH,)), 1.64 (s, 3H, 
C(CH,)=CHCH,), 1.50-1.44 (m. 5H), 1.34-1.23 (m, 2H) .  1.21 (s, 3H,  
C(CH,),), 1.03 (d, J = 6.8 Hz, 3H,  CH(CH,)), 1.01 (s, 3H, C(CH,),), 0.91- 
0.83 (m, 39 H, CH(CH,), 4SiC(CH,),), 0.08 (s, 3H,  Si(CH,),), 0.06 (s, 3H,  
Si(CH,),), 0.05 (s, 3H,  Si(CH,),), 0.02 (s, 3H,  Si(CH,),), 0.02 (s, 6H,  
Si(CH,),), 0.01 (s, 3H, Si(CH,),), -0.03 (s, 3H,  Si(CH,),); I3C NMR 
(350.9 MHz CDCl,): 6 = 219.1, 161.4, 143.1, 139.1, 137.6, 135.9, 122.2, 
115.8. 79.4, 78.3, 74.9, 61.8, 54.5,45.9, 39.8, 38.9, 36.1, 33.4, 31.9, 27.1, 27.0, 


-3.1, -3.8, -4.1, -4.4, -4.5; FAB HRMS (NBA/CsI): m/e =1068.5807, 
M+Cs+ calcd for C,,H,,,NO,Si,Cs 1068.5760. 


Alcohol 24: Compound 23 (1.12 g, 1.2 mmol) was dissolved in CH,Cl,/ 
MeOH (1 : l ,  18.0mL, 0 . 0 7 ~ ) .  The solution was cooled to 0°C and CSA 
(278 mg, 1.2 mmol. 1 .O equiv) was added over a 5 min period. The mixture 
was then stirred for 3 h at -5 "C. Et,N (2.0 mL) was added, and the solvents 
were removed under reduced pressure. Flash column chromatography (silica 
gel, 40% ether in hexanes) furnished the desired alcohol 24 (934 mg, 95%). 
24: R, = 0.32 (silica gel, 40% ether in hexanes); [E]? = -11.0 (c = 0.2, 
CHC1,); IR (thin film): CmaX = 3432, 2934, 2856, 1692, 1464, 1378, 1254, 
1075, 988, 775cni-'; 'HNMR (500MHz, CDC1,): S =7.45 (s, l H ,  
OCH=C), 6.17 (S, l H ,  CH=CCH,), 5.10 (dd, J=7 .0 ,  7.0Hz , l H ,  
C(CH,)=CHCH,). 4.10-4.05 (m, 2H. (CH,),CCHOSi, CH,CHOSi), 3.78 
(dd, .1=7.0, 1.0 Hz, 1H.  CH(CH,)CHOSi), 3.63 (hrm, 2H,  CH,OH), 3.12 
(p, J = 7 . 5  Hz, 1 H, C(O)CH(CH,)), 2.44 ( s ,  3H, N=C(CH,)O), 2.26-2.19 
(m, 2H, C(CH,)=CHCH,), 1.85 (s, 3H,  CH=C(CH,)), 2.14-1.92 (m, 2H,  
CH,C(CH,)=CH), 1.64 (s, 3H, C(CH,)=CHCH,), 1.70-1.55 (m. 2H). 
3.42-1.21 (m, 3H), 1.22 (s, 3H,  C(CH,),), 1.19-3.04 (m. 2H),  1.06 (s, 3H,  
C(CH,),), 1.05 (d, J =  6.7Hz, 3H,  CH(CH,)), 0.92-0.85 (m. 30H, 
CH(CH,), 3SiC(CH,),), 0.10 (s, 3H,  Si(CH,),). 0.06 (s, YH, Si(CH,),), 0.03 
(s, 3H, Si(CH,),), -0.02 (s, 3 H , Si(CH,),); 13C NMR (125.7 MHz, 
CDCI,): S = 219.1, 162.1, 142.2, 134.9, 130.7, 128.7, 121.3, 114.8, 77.4, 
72.9, 60.1. 53.6, 44.9, 38.6, 38.2. 35.2, 32.4, 30.6, 26.1, 25.9, 24.7, 23.6, 19.1, 
18.4, 18.1, 18.0, 17.6, 15.5, 13.9, -3.7, -3.9, -4.0. -4.8, -5.1; FAB 
HRMS (NBA/CsI): m/r = 954.4860, M+Cs+ calcd for C,,H,,NO,Si, 
954.4896. 


26.8.26.7.25.3.24.3. 19.3,19.2.19.1,1Y.O, 18.3,16.0,15.1, 14.7, -2.8, -2.9, 


Aldehyde 25--oxidation of alcohol 24: Aldehyde 25 (736 mg, 80%) was ob- 
tained from alcohol 24 (930 mg, 0.305 mmol, 1.0 equiv) according to the 
procedure described above for 2 4 .  25: R, = 0.25 (silica gel, 20% ether in 
hexanes); [el;' = - 11.6 (c = 0.3, CHCI,); IR (thin film): = 2932, 2857, 
1727.1692,1465,1384,1253,1093,990, 837,776 cm- ' ;  'HNMR (600 MHz, 
CDCI,): h = 9.75 (m, 1 H, CHO), 7.44 (s, 1H,  OCH=C), 6.16 (s, 1 H, 


CH=CCH,), 5.09 (dd. J =7.1, 6.8 Hz, 1 H. C(CH,)=CHCH,). 4.46 (dd. 
l H ,  J=5 .1 ,  4.9Hz, (CH,),CCHOSi), 4.05 (dd, J = 6 . 4 .  5.7Hz, 1H. 
CH,CHOSi). 3.75 (dd, J =7.3, 1.9 Hz, 1 H, CH(CH,)CHOSi), 3.11 (p, 
J = 7 . 1 H z ,  I H ,  C(O)CH(CH,)), 2.50 (ddd, J=15.4. 4.5. 3.5Hz, 1H, 
CH,CHO), 2.43 (s. 3H. N=C(CH,)O), 2.39 (ddd,J=15.5,  5.5,  2.6 Hz, I H ,  
CH,CHO), 2.24-2.13 (m, 2H. C(CH,)=CHCH,), 1.97-1.89 (m. 2H, 
CH,C(CH,)=CH), 1.84 (s, 3H, CH=C(CH,)), 1.63 (s, 3H. 
C(CH,)=CHCH,), 1.50-1.20 (m, SH), 1.22 (s, 3H,  C(CH,),), 1.05 (s, 3H, 
C(CH,),), 1.02 (d, J =  6.9 Hz, 3H,  CH(CH,)), 0.88-0.82 (m. 30H, 
CWCH,), 3SiC(CH,),). 0.08 (s, 3H, Si(CH,),), 0.05 (s, 3H,  Si(CH,),), 0.04 
(s, 3H.  Si(CH,),), 0.03 (s, 3H, Si(CH,),), 0.02 (s, 3H,  Si(CH,),), -0.03 (s, 
3H. Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 6 = 219.3. 202.0. 161.4. 
143.1, 139.0, 137.6. 135.9, 122.3, 115.9, 79.4, 78.4, 72.1, 54.3, 50.4,46.0, 39.6, 
36.1, 33.4, 31.6, 27.0, 26.7, 26.6, 24.9. 24.3, 19.6, 19.3, 18.9, 16.4, 15.0, 14.7, 


e = 952.4702, M + C s C  calcd for C,,H,,N06Si, 952.4739. 


Carboxylic acid 2Wxidat ion  of aldehyde 25: Carboxylic acid 26 (727 mg, 
97%) was obtained from aldehyde 25 (736 mg, 0.90 mmol) according to the 
procedure described above for 25'. 26: R, = 0.27 (silica gel, 5% MeOH in 
CH,CI,); = + 0.4 ( c  = 0.3, CHC1,); IR (thin film): Cmax = 3335, 2857. 
1711, 1465,1253, 1085,835 cm-'; 'HNMR (600 MHz, CDCI,): 6 =7.46 (s, 
1 H, OCH=C), 6.31 (S, 1 H, CH=CCH,). 5.14 (dd. J=7.6,  7.4 Hz, 3 H, 
(CH,)C=CHCH,), 4.40 (dd, J = 6.9, 2.9 Hz, 1 H, (CH,),CCHOSi), 4.11 
(dd, J=7.9;  5.2Hz, 1 H ,  CH,CHOSi), 3.72 (dd, J = 5 . 5 ,  2.1Hz. I H ,  
CH(CH,)CHOSi), 3.14 (p, J = 6.6 Hz, 1 H,  C(O)CH(CH,)), 2.44 (s. 3H, 
N=C(CH,)O), 2.42 (dd, J = 16.6, 2.8 Hz, CH,COOH). 2.44 (dd, J = 16.4. 
3.1 Hz, 1 H, CH,COOH), 2.32 (dd, J = 16.4, 7.0 Hz, 1 H, CH,COOH). 2.26- 


-2.7, --2.9, -3.2, -3.6, -3.8, -4.1; FAB HRMS (NBA/CsI): m. 


2.04 (m, 3H, CH,C(CH,)=CH. CH,C(CH,)=CHCH,), 1.82 (s, 3H. 
CH=C(CH,)), 1.92-1.80 (m, 1H).  1.66 (s, 3H, CH,C(CH,)=CH), 1.51- 
1.36 (m. 4H).  1.15 (s, 3H, C(CH,),). 1.14 (s, 3H,  C(CH,),), 1.21-1.09 (m. 
1H), 1.05 (d, J = 6 . 7 H z ,  3H,  CH(CH,)), 0.90-0.85 (m, 30H, CH(CH,), 
3SiC(CH,),), 0.10 (s, 3H,  Sl(CH,),), 0.07 (s, 3H, Si(CH,),), 0.06 (s. 3H. 
Si(CH,),). 0.02 (s, 3H. Si(CH,),), 0.00 (s. 3H, Si(CH,),), -0.04 (s, 3H, 
SI(CH,),); 13C NMR (150.9 MHz, CDCI,): 6 = 219.4, 176.1, 161.9, 144.3, 
138.5, 138.1, 135.7, 122.3, 115.3, 79.7, 73.9, 54.8.45.1, 40.8, 40.2, 36.2, 33.3, 
32.4, 27.3, 27.0,26.9,24.4,24.3, 19.4. 19.3, 19.1, 17.4. 16.5. 15.1, 14.4, -3.0, 
-3.2, -3 .3 ,  -3.7. -3.9, -4.1; FAB HRMS (NBA/CsI): m;e = 968.4720. 
M+Cs+ calcd for C,,H,,N0,Si3 968.4688. 


Hydroxyacid %selective desilylation of tris(sily1 ether) 26: Hydroxyacid 5 
(130 nig, 65%) was obtained from tris(sily1 ether) 26 (234 mg, 0.28 mmol) 
according to the procedure described above for 2 6 .  5 :  R, = 0.38 (silica gel, 
12% MeOH in CH,CI,); [el;' = - 23.5 (c = 0.2, CHCI,); IR (thin film): 
S,,, = 3387, 2932, 2854, 1721, 1695, 1460, 1380, 1253, 1088, 1087, 835. 
776cm- ' ;  'HNMR (600 MHz, CDCI,): 6 =7.47 (s, 1 H OCH=C). 6.36 (s, 
I H ,  CH=CCH,), 5.15 (dd, 1 H , J = 7 . 2 ,  7.0 Hz, CH,C=CHCH,),4.39 (dd, 
J = 6 . 2 ,  3.8Hz, I H ,  (CH,),CCHOSi), 4.13 (dd, J = 6 . 8 ,  6.6Hz, l H ,  
CH,CHOH), 3.75 (d, J =  6.6 Hz. 1 H, CH(CH,)CHOSI), 3.13 (dq, J =  6.9, 
6.7 Hz, 1 H, C(O)CHCH,), 2.45 (s, 3H,  N=C(CH,)O), 2.44 (obscured m, 
1 H, CH,COOH), 2.33-2.28 (m, 3H, CH,C(CH,)=CH, CH,COOH), 2.13- 
2.08 (m, 1 H, C(CH,)=CHCH,), 1.97-1.90 (m, 1 H, C(CH,)=CHCH,), 
1.88 (s, 3H, CH=C(CH,)), 1.69 (s, 3H,  CH,C(CH,)=CH), 1.53-1.35 (m, 
5H),1.17(~,3H,C(CH,),),1.11(~,3H,C(CH,),),1.05(d,J=6.8H~,3H, 
CH(CH,)), 0.92-0.83 (m, 21 H, CH(CH,), SiC(CH,),), 0.09 (s. 3H, 
Si(CH,),), 0.05 (s, 6H, Si(CH,),), 0.03 (s, 3H, Si(CH,),); I3C NMR 
(350.9MHz, CDCI,): 6 = 218.9, 175.9, 161.9, 142.8, 140.4, 138.4, 136.0, 
120.9, 115.8, 74.3, 53.3,45.5,41.0, 39.9, 35.0, 33.3, 32.1,27.0, 26.9.26.1, 24.5, 
24.0, 19.3, 19.0, 17.9, 16.8, 15.8, 15.1, 14.4, -2.9, - 3 . 1 ,  -3.2. -3.7; FAB 
HRMS (NBA/CsI): m/e  = 854.3854, M+Cs+ calcd for C,,H,,NO,Si, 
854.3823. 


Lactone 27-macrolactonization of hydroxyacid 5:  A solution of hydroxyacid 
5 (30 mg, 0.043 mmol) in THF (600 pL) was treated at 0 "C with Et,N (1 3 pL, 
0.093 mmol, 2.2 equiv) and 2,4,6-trichlorobenzoyl chloride (8.5 pL, 
0.054 mmol, 1.3 equiv). The reaction mixture was stirred at 0°C for 1 h. and 
then added by means of a syringe pump over 3 h to a solution of 4-DMAP 
(30 mg, 0.083 mmol, 2.0 equiv) in toluene (25 mL, 0 . 0 0 2 ~ )  at 25-C. The 
mixture was stirred at that temperature for 10 h. The solvents were removed 
in vacuo, and the crude product so obtained was suspended in 40% ether in 
hexanes and filtered through silica gel. Concentration, followed by prepara- 
tive thin-layer chromatography (silica gel, 20 %I ether in hexanes), gave lac- 
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tone 27 (20 mg, 70%) with spectroscopic data identical lo those exhibited by 
27 obtained above. 


Ketoaldehyde 4S-ozonolysis of ketone 44: Alkene 44'"' (3.6 g, 12.7 mmol) 
was dissolved in CH,Cl, (50.0mL, 0 . 2 5 ~ ) ,  and the solution cooled to 
-78 'C. Oxygen was bubbled through for 2 min, after which time ozone was 
passed through until the reaction mixture adopted a blue color (ca. 30 min). 
The solution was then purged with oxygen for 2 min at -78°C (disappear- 
ance of blue color), and Ph,P (6.75g, 25.4mmo1, 1.2equlv) added. The 
cooling bath was removed, and the reaction mixture allowed to reach room 
temperature and stirred for an additional 1 h. The solvent was removed under 
reduced pressure, and the mixture purified by flash column chromatography 
(silica gel, 30% ether in hexanes) to provide pure ketoaldehyde 45 (3.26 g, 
90%). 45: R, = 0.40 (silica gel, 40% ether in hexanes); [CAI;; = +15.7 
( c  = 5.4, CHCI,); IR (thin film): i,,, = 2933, 2858. 1726, 1686, 1465. 1379, 
1256, 1089, 1040, 1005, 972, 837, 778 cm-I;  ' H N M R  (400 MHz, CDCI,): 
b = 9.78 (dd, J = 2.8, 2.4 Hz, CHO), 4.66 (dd, J = 5.8,4.8 Hz, 1 H, CHOSi), 
2.68-2.57 (ni, 2H, CH,CH=O), 2.29-2.09 (m, 2H,  CH,CH,), 1.23-0.97 
(m, 7H,  C(CH,),, CH,CH,), 0.83 (s. 9H,  (CH,),C), 0.05 (s, 3H, Si(CH,),), 
0.03 (s, 3H, Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 6 = 210.1, 201.3, 


(NBA/NaI): m/r = 307.1705, M + N a +  cakd for C,,H,,O,SI 307.1716. 
66.0, 51.0, 36.5, 29.8, 25.6, 17.9, 12.5, 31.1, 8.1, -4.7, -4.8; FAB HRMS 


Ketone 43: To a solution of aldehyde 45 (2.9 g, 10.2 mol) in THF (50 mL, 
0 . 2 ~ )  at -78 "C was added dropwise lithium tri-terl-butoxyaluminohydride 
(11.2mL, 1 . 0 ~  solution in THF, 11.2mmol. 1.1 equiv). After Smin, the 
reaction mixture was brought up to 0°C and stirred at that temperature for 
15 min, before quenching with saturated aqueous solution of sodium-potas- 
sium tartrate (25 mL). The aqueous phase was extracted with ether 
(3 x 75 mL), and the combined organic layer dried (MgSO,), filtered, and 
concentrated. The crude primary alcohol so obtained was dissolved in 
CH,Cl, (50mL, 0.2M) and cooled to 0°C. Et,N (68.1 mL. 30.6 mmol, 
3.0 equiv), 4-DMAP (120 mg, 0.18 mmol, 0.02 equiv), and terr-butyl- 
dimethylsilyl chloride (3.0 g, 20.4 mmol, 2.0 equiv) were added. The reaction 
mixture was allowed to stir at 0 "C for 2 h and then at 25 'C for 10 h. MeOH 
(5 mL) was added, and the solvents were removed under reduced pressure. 
Ether (100 mL) was added, followed by saturated aqueous NH,C1 solution 
(25 mL), and the organic phase was separated. The aqueous phase was ex- 
tracted with ether (2 x 50 mL), and the combined organic solution dried 
(MgSO,), filtered, and concentrated under reduced pressure. Purification by 
flash column chromatography (silica gel, 5 % ether in hexanes) provided pure 
bis(sily1 ether) 43 (1.26 g, 83% yield from 45). 43: Ri = 0.45 (silica gel, 5 %  
ether in hexanes); [a];, = -7.1 (c = 0.6, CHC1,); IR (thin film): i,,, = 2941, 
2856, 1690, 1467, 1387, 1255, 1095, 1034, 837, 776cm-I; ' H N M R  
(500 MHz, CDCI,): 6 = 3.98 (dd, J =7.6, 4.1 Hz, 1 H, CHOSi), 3.67-3.59 
(m, 2H,  CH,OSi), 2.76 (dq, J=17.6,  7.3 Hz, l H ,  CH,CH,), 2.44 (dq, 
J=17.6, 7.3Hz, I H ,  CH,CH,), 1.83-1.73 (m, 2H, CH,CH,OSi), 1.14 
(ddd .J=  9.6, 6.1, 3.4H2, I H ,  C(CH,),), 1.00(t, J = 7 . 3  Hz, 3H,CH,CH,), 
1.03-0.98 (m, I H ,  C(CH,),), 0.87 (s, 18H, SiC(CH,),), 0.89-0.83 (m, 1 H, 
C(CH,),), O.ll(ddd, J = 9 . 5 ,  6.7, 3.6Hz, I H ,  C(CH,),), 0.06 (s, 3H, 
Si(CH,),), 0.03 (s, 3H,  Si(CH,),), 0.02 (s, 6H,  Si(CH,),); I3C NMR 
(325.7 MHz, CDCI,): 6 = 210.6, 69.3, 59.6, 40.2, 36.4, 32.5, 25.9, 25.8, 18.2, 
18.0, 13.7, 13.5, 8.2, -4.3, -4.8, -5.4, -5.5; FAB HRMS (NBA): m/ 
e = 401.2923, M + H +  calcd for C,,H,,O,Si, 401.2907. 


Tris(sily1 ethers) 47 and 4 C a l d o l  reaction of ketone 43 with aldehyde 42: The 
aldol reaction of ketone 43 (682 mg, 1.7 mmol, 1.4 equiv) with aldehyde 42[l41 
(530 mg, 1.2 mmol, 1.0 equiv) was carried out exactly as described for ketone 
7 and aldehyde 6 above, and yielded pure 47 (270 mg, 24 YO) and 48 (480 mg, 


47: colorless oil; R, = 0.40 (silica gel, 20% ether in hexanes); [ u ] g  = + 1.5 
( c  = 0.8, CHC1,); IR (thin film): imax = 3493, 2942, 2872, 1671, 1505, 1462, 
1386, 1254, 1091, 836,776 cm- ' ;  ' H N M R  (600 MHz, CDCI,): 6 = 6.87 (s, 


47 Yo). 


I H ,  SCH=C), 6.41 (s, I H ,  CH=CCH,), 5.10 (dd, J = 7 . 2 ,  7.1Hz, I H .  
C(CH,)=CHCH,). 4.04 (dd, J = 6.7,5.8 Hz, 1 H, (CH,),CCHOSi), 3.77 (br, 
1 H, CH,CHOSi), 3.65-3.51 (m. 1 H, CH(CH,)CHOH), 3.61 (dd, J =7.3, 
7.3 Hz, 2H,  CH,OSi), 3.32-3.23 (m, l H ,  C(O)CH(CH,)), 2.65 (s, 3H,  
N=C(CH,)S), 2.30-2.19 (m, 2H), 2.10-1.90 (m, 2H),  1.96 (s, 3H,  
CH=C(CH,)), 1.76-1.68 (m, 2H),  1.63 (s, 3H,  C(CH,)=CHCH,), 1.50- 
1.40 (m, 2H), 1.26-1.15 (m, 2H). 1.01-0.75 (m, 35H, CH(CH,), 
SiC(CH,),), Si(CH,),), 0.04 (s, 3H, Si(CH,),), 0.03 (s, 3H,  Si(CH,),), 0.00 
(s, 3H, Si(CH,),), -0.01 (s, 6H, Si(CH,),), -0.04 (s, 3H,  Si(CH,),); "C 


NMR (150.9 MHz. CDCI,): 6 = 216.0. 164.1, 153.1. 142.4. 136.7, 121.3, 
118.5, 114.X, 78.9, 74.7, 59.3,40.4, 35.4, 35.1. 32.8, 32.3. 25.8. 25L23.5. 19.0, 
18.1, 17.9, 17.0, 16.5. 15.3, 13.8. 12.6, 10.4, -4.1, -4.8, -4.9. -5.0, -5.4; 
FAB HRMS (NBA/CsI): m/e = 968.4473, M + C s  ' calcd for 
C,,H8,N0,SSi, 968.451 1. 
48: colorless oil; R, = 0.33 (silica gel, 2094 ether in hexanes): IR (thin film): 
imaX=3492,  2954, 2872, 1672, 1462, 1386, 1255, 1092. 836. 776cm- ' .  
' H N M R  (600 MHz, CDCI,): 6 = 6.88 (s, 1 H, SCH=C). 6.44 (5. 1 H, 
CH=CCH,), 5.11 (dd, .1=7.1, 7.0Hz. l H ,  C(CH,)=CHCH,). 4.06 (dd, 
. I =  5.8, 5.8 Hz, 1 H, (CH,),CCHOSi), 3.85 (br, 1 H). 3.61 (dd, J =  6.5. 
6.4Hz, 2H, CH,OSi), 3.42-3.38 (m, I H ,  CH(CH,)CHOH). 3.24-3.19 (m. 
I H ,  C(O)CH(CH,)), 2.66 (s, 3H, N=C(CH,)S), 2.31 2.18 (m. 2H. 
C(CH,)=CHCH,), 1.96 (s, 3H. CH=C(CZI,)), 1.97-1.89 (m, 2H. 
CH,C(CH,)=CH), 1.78-1.69 (m, 2H) ,  1.64 (s. 3H.  C(CH,)=CHCH,), 
1.51 1.10(m, 6H). 1 .04(d ,J=  6.9 Hz. 3H,  CH(CH,)), 0.95 ( d , J =  6.5 HL. 
3H,  CH(CH,)), 1.05-0.6 (m, XH), 0.86 (s, 9H,  SiC(CH,),). 0.85 (s. 18H, 
2SiC(CH,),), 0.04 (s, 3H, Si(CH,),), 0.02 (s. 3H,  Si(CH,),), 0.01 (s. 3H. 
Si(CH,),). 0.00 (s, 3H,  Si(CH,),). -0.01 (s, 3H, Si(CH,),). -0.03 (s. 3H. 
Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 6 = 216.8, 164.2, 153.1. 142.4. 
136.5, 121.6, 118.6, 114.8, 78.9, 59.4, 42.0, 40.4, 35.9, 35.4, 35.3. 33.0, 32.1, 
25.8, 25.7, 25.3, 23.5, 19.1, 38.1. 18.0, 15.3, 13.9. 12.4. 11.8. -4.2, -4.8, 


for C,,H8,N0,SSi, 968.4511. 
-4.9, -5.0, -5.4; FAB HRMS (NBAICsI): n1I~ = 968.4546, iM+Cs+ calcd 


Tetra(siIy1 ether) 49: Compound 49 (271 mg, 92%) was obtained from com- 
pound 47 (260 mg, 0.31 mmol) according to the procedure described above 
for 21'. 49: R, = 0.75 (silica gel, 6 %  ether in hexanes): [r]k2 = + 7.3 (L .  = 0.5, 
CHC1,); IR (thin film): i.,,,, = 2942, 2856, 1679, 1506, 1462. 1386, 1361, 
1254, 1090, 1031, 1007. 985, 939, 836, 775, 727, 669cm-I;  ' H N M R  
(500 MHz, CDCI,): 6 = 6.90 (s, 1 H, SCH=C), 6.45 (s, 1 H, CN=CCH,). 
5.12 (dd, J=7 .1 ,  7.0Hz, I H ,  C(CH,)=CHCH,). 4.19 (br, 1 H). 4.07 (dd. 
J=6 .5 ,  6.2Hz, 1H.  (CH,),CCHOSi), 3.82 (d, J = 8 . 1 H z .  1H. 
CH,CHOSi), 3.64 (dd, J =  6.8, 6.8 Hz, 2H,  CH,OSi), 2.88-2.68 (m. 1 H. 
C(O)CH(CH,)), 2.69 (s, 3H, N=C(CH,)S). 2.30-2.17 (m. 2H. 
C(CH,)=CHCH,), 1.99 (s. 3 H ,  CH=C(CH,)), 1 . 9 8 ~  1.90 (m. 2H. 
CH,C(CH,)=CH), 1.78-1.72 (m, 1 H), 1.66 (s, 3H,  C(CH,)=CHCH,), 
1.68-1.61(m,IH),1.45 ~.OO(~,~H),I.~~(~,J=~.~HZ,~H,CH(CH,)), 
0.92Z0.83 (m, 41 H, CH(CH,), (CH,),CCHOSi, 4SiC(CH,),). 0.06 (s, 3H, 
SKCH,),), 0.05 (s, 3H. Si(CH,),), 0.04 (s, 3H,  Si(CH,),), 0.03 (s, 3H. 
Si(CH,),), 0.02 (s, 6H, Si(CH,),), 0.01 (s, 3H,  Si(CH,),), -0.01 (s, 3H. 
Si(CH,),); NMR (125.7 MHz, CDC1,): 6 = 212.9, 164.2. 153.2. 142.4, 
136.7, 121.4, 118.7, 114.9, 78.9, 77.8, 67.2, 59.9, 43.4, 40.3. 38.9, 37.9. 35.3, 
32.5, 30.9, 26.4, 26.1, 25.9, 25.8, 23.6, 19.2, 18.4, 18.2. 18.1, 18.0. 17.4, 17.3, 
13.9, 13.8, 12.4, -3.9. -4.2, -4.7. -4.8. -5.0. -5.3. 


Tetra(sily1 ether) 50: Compound 50 (567 mg, 89%) was obtained from com- 
pound 48 (560 mg, 0.67 mmol) according to the procedure described abovc 
for 21'. 50: R, = 0.75 (silica gel, 6 %  ether in hexanes); [alp = + 5.7 ( L .  = 0.8, 
CHCI,); IR (thin film): = 2955, 2930, 2857, 1678, 1505, 1462, 1386. 
1361, 1254, 1090, 1031, 1007,985, 939, 836, 775 cm- ' ;  'HNMR (500 MHz, 
CDCl,): 6 = 6.91 (s, 1 H, SCH=C), 6.45 ( s ,  1 H, CH=CCH,), 5.12 (dd. 
J17.0, 6.9 Hz, 1 H, C(CH,)=CHCH,), 4.21 (br, l H ) ,  4.07 (dd. J =  6.6, 
6.2 Hz, 1 H, (CH,),CCHOSi), 3.82 (d, J = 8.8 Hz, 1 H, CH,CHOSi), 3.64 
(dd, J=7.2, 7.1 Hz, 2H,  CH,OSi), 2.88-2.73 (m. l H ,  C(O)CH(CH,)), 2.70 
(s, 3H,  N=C(CH,)S), 2.29-2.18 (m, 2H,  C(CH,)=CHCH,). 1.99 (s, 3H, 
CH=C(CH,)), 1.98-1.90 (m. I H ) ,  1.78-1.72 (m, 1 H),  1.65 (s. 3H,  
C(CH,)=CHCH,), 1.67-1.61 (m. I H ) ,  1.45-1.00 (m, XH), 1.04 (d, 
J =  6.7 Hz, 3H,  CH(CH,)), 0.92-0.83 (m, 39H, CH(CH,). 4SiC(CH,),). 
0.07 (s, 3H. SI(CH,),), 0.05 (5, 3H,  Si(CH,),), 0.04 (s, 3H. Si(CH,),), 0.03 
(s, 6H,  Si(CH,),), 0.02 (s, 6H,  Si(CH,),), -0.01 (s, 3H,  Si(CH,),); I3C 


118.7, 114.9,79.0, 76.9, 67.2, 59.8,44.5,40.3, 38.4, 37.5, 35.3, 34.7, 32.2. 26.2, 
26.1, 25.9, 25.8.23.5, 19.2, 18.5. 18.3, 18.2, 18.0, 17.6, 14.2. 13.9, 13.0. -3.6, 


1082.5330. M+Cs+ calcd for C,,H,,NO,SSi, 1082.5375. 


NMR (125.7 MHz, CDC1,): 6 = 215.3, 164.2, 153.2, 142.5, 136.7, 121.5. 


-3.8, -4.2, -4.6, -4.7, -5.0, -5.3: FAB HRMS (NBA/Csl): n ~ / r =  


Alcohol 51: Compound 49 (272 mg, 0.29 mmol) was dissolved in CH,CI,/ 
MeOH (1 : 1,2.9 mL, 0.1 M ) .  The solution was cooled to 0 ' C  and CSA (67 mg, 
0.29 mmol, 1.0 equiv) was added. The mixture was stirred for 30 min a t  0°C. 
and then for 1 h at 10°C. Et,N (0.3 mL) was added, and the solvents were 
removed under reduced pressure. Flash column chromatography (silica gel, 
40 O/O ether in hexdnes) furnished the desired alcohol 51 (1 80 mg, 74 ' l o ) .  51 : 
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colorless oil: R, = 0.60 (silica gel, 40% ether in hexanes); [XI? = +7.8 
(C = 0.3, CHCI,); 'HNMR (600 MHz, CDCI,): 6 = 6.90 ( s ,  l H ,  SCH=C), 
6.44 (s, 1 H, CH=CCH,), 5.13 (dd, J =7.0. 6.9 H z ,  1 H, C(CH,)=CHCH,), 
4.43 (br, 1 H), 4.07 (dd, .I = 6.9, 5.8 Hz, 1 H, (CH,),CCHOSij, 3.80 (d, 
. I =  8.1 Hz, I H ,  CH,CHOSi), 3.71-3.59 (m. 2H,  CH,OSi), 2.69 (s, 3H,  
N=C(CH,)S), 2.52 (q, J = 7 . 2  Hz, 1 H, C(O)CH(CH,)). 2.30-2.17 (m, 2H,  
C(CH,)=CHCH,), 2.05-1.90 (m, 2H, CH,C(CH,)=CH), 1.98 (s, 3H, 
CH=C(CH,)), 1.78-1.70 (m, 2H), 1.66 (s, 3H,  C(CH,)=CHCH,), 1.40- 
1.00 (m, 7H), 1.02 (d, J =  6.7 Hz, 3H,  CH(CH,)), 0.92-0.83 (m, 32H, 
CH(CH,), (CII,),CCHOSi, 3 SiC(CH,),), 0.07 (s, 3H,  Si(CH,),), 0.05 (s, 
3H, WCH,),), 0.04 (s, 3H,  Si(CH,),), 0.03 (s, 3H,  Si(CH,),), 0.02 ( s ,  3H, 
Si(CH,),), -0.01 (s, 3H, Si(CH,),); 13C NMR (150.9 MHz, CDCI,): 
fi = 213.8,164.3, 153.0, 142.5,136.5,121.5,118.5, 114.8,78.8,76.9. 67.2,59.4, 
42.4, 39.4, 38.8, 36.4, 35.2, 32.3, 31.1, 26.3, 26.0, 25.8, 25.7, 25.6, 23.4, 19.0. 


-4.9, -5.1; FAB HRMS (NBAICsl): m/e = 968.4552, M + C s +  calcd for 
C45H8,N0,SSi, 968.4511, 


Alcohol 52: Alcohol 52 (300 mg, 60%) was obtained from compound 50 
(567 mg, 0.60 mmol) according to the procedure described abovc for 49. 52: 
colorless oil; R, = 0.60 (silica gel, 40% ether in hexanes); [c# = + 12.3 
( c  = 0.3, CHCI,): IR (thin film): 3,,, = 3441, 2955, 2930, 2856, 1679, 1462, 
1366. 1361, 1254, 1072, 836, 775cni-': ' H N M R  (600MHz, CDCI,): 
0 = 6.89 (s, 1H. SCH=C), 6.42 (s. I H,  CH=CCH,j, 5.10 (dd, J =  6.9, 
6.8Hz,lH,C(CH,)=CHCH,).4.45(br,lHj,4.05(dd,J=6.7,6.0Hz,1H, 
(CH,),CCHOSi), 3.79 (d, J = 9.0 Hz, 1 H, CH,CHOSi), 3.71-3.59 (m. 2H, 
CH,OSi), 2.66 (s, 3H,  N=C(CH,)S), 2.49 (q, J =7.5 Hz, 1 H, 
C(O)CH(CH,)), 2.30-2.17 (m, 2H,  C(CH,)=CHCH,), 1.99-1.83 (m, 2H,  
CH,C(CH,)=CH). 1.96 (s, 3H, CH=C(CH,)), 1.78-1.70 (m, 2H) ,  1.62 (s, 
3H,  C(CH,)=CHCH,). 1.25S0.98 (m, 7Hj,  1.00 (d, .I = 6.7 Hz, 3H,  
CH(CH,)), 0.92-0.83 (m, 32H, CH(CH,), (CH,),CCHOSi, 3 SiC(CH,),), 
0.06 (s. 3H, Si(CH,),), 0.03 (s, 3H, Si(CH,),), 0.02 (s, 3H,  Si(CH,),), 0.01 
(s, 3H, Si(CH,),), 0.00 (s, 3H,  Si(CH,),j, -0.03 (s, 3H, Si(CH,),); 13C 
NMR (150.9MHz, CDCI,): 6 = 213.9, 164.2, 153.1, 142.5, 136.5. 121.3, 
118.5, 114.8,78.9, 76.9,66.7, 59.5,43.1, 39.4, 38.3, 36.6, 35.2, 34.5, 31.9, 26.3, 
26.0,25.8,25.7,23.4, 19.0, 18.4, 18.1, 17.9, 17.6, 14.0, 13.8. 11.9, 10.8, -3.7, 


18.3. 18.1. 17.9, 17.6, 17.1, 17.0, 13.8, 11.9, 11.1, -3.9, -4.0. -4.6, -4.8, 


-3.8. -4.6. -4.7. -4.8, -5.0. 


Aldehyde 53-oxidation of alcohol 51: Aldehyde 53 (172 mg, 96%) was ob- 
tained from alcohol 51 (182 mg, 0.218 mmol, 1.0 equiv) according to the 
procedure described above for 2 4 .  53: R, = 0.45 (silica gel, 20% ether in 
hexanes); [XI;' = + 15.9 (c = 0.7, CHCI,); IR (thin film): Vmax = 2943, 2859, 
1728, 1675, 1462, 1255. 1074, 837, 776cm-I; 'HNMR (600 MHz, CDCI,): 
6=9.74(dd ,J=3.3 ,2 .1  Hz.~H,CHO),~.~~(S,~H,SCH=C).~.~~(~.~H, 
CH=CCH,),  5.12 (dd, J = 6.6, 5.0 HL, 1 H, C(CH,)=CHCH,), 4.77 (dd, 
J =  6.0, 4.4 Hz, 1 H, (CH,),CCHOSi). 4.07 (dd, J =  6.8, 6.2Hz, l H ,  
CH,CHOSi). 3.75 (dd, J = 8.5, 1.3 Hz, 1 H, CH(CH,)CIfOSi), 2.69 (s, 3 H, 
N=C(CH,)S), 2.61 (ddd, J = 1 5 . 5 ,  4.2, 2.1 Hz, l H ,  CH,CHO), 2.51 (ddd, 
J=15.4, 6.1, 3 . 5 H ~ ,  1H. CH,CHO), 2.41-2.16 (in. 3H,  C(O)CH(CH,), 
C(CH,)=CHCH,), 1 97 (s, 3H, CH=C(CH,jj. 1.99-1.90 (m, 2H), 1.65 (s, 
3H. C(CIf,)=CHCH,), 1.50-1.25 (m, 7H),  1.08-0.98 (m, 4H), 1.02 (d, 
J =  6.7 Hz, 3H, CH(CH,)), 0.89-0.84 (m, 32H, (CH,),CHOSi, CH(CH,), 
3SiC(CH,),). 0.05 (s, 9H, Si(CH,),), 0.03 (b, 6H, Si(CH,),), 0.02 (s, 6H. 
Si(CH,),), -0.01 (s. 3H, Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 
6 = 214.0, 202.0, 165.2, 154.1, 143.3, 137.5, 122.4, 119.6, 115.8, 79.8. 79.0, 
65.7. 52.3, 42.6, 39.8, 37.6. 36.1, 33.3. 32.1, 27.2, 27.0, 26.7, 26.6, 24.4, 20.1, 


FAB HRMS (NBA/Csl): m/e = 966.4392, M+Cs+ calcd for 
Ca5 H ,NO ,SSi, 966.4354. 


Aldehyde S k x i d a t i o n  of alcohol 52: Aldehyde 54 (200 mg, 69 % j was ob- 
tained from alcohol 52 (290 mg, 0.35 mmol) according to the procedure de- 
scribed above for 2 4 .  54: colorless oil: R, = 0.80 (silica gel, 20% ether in 
hexanes); [XI;, = + 26.7 (c = 0.1, CHCI,); IR (thin film): V,,, = 2943, 2873, 
1728. 1674. 1505, 1462, 1383, 1255, 1075, 1032. 989, 940, 837, 776 tin..': 
'HNMR (600 MHz, CDCI,): 6 = 9.78 (dd, J = 3.4.2.2 Hz, 1 H, CHO). 6.89 
( s ,  1H,  SCH=C), 6.43 ( s ,  l H ,  CH=CCH,), 5.10 (dd, J = 6 . 8 ,  6.6Hz. I H ,  
C(CH,)=CHCH,), 4.73 (dd, J = 5.6, 4.6 Hz. 1 H, (CH,),CCHOSi), 4.05 
(dd, J = 6 . 7 ,  6.2Hz, I H ,  CH,CHOSi), 3.78 (d, J = 9 . 0 H z ,  l H ,  
CH(CH,)CHOSi). 2.67 (s, 3H, N=C(CH,)S), 2.60 (ddd. .I =15.4, 4.4, 
2.1 H~,1H,CH2CH0),2.53(ddd,J=I5.4,5.9,3.4Hz,lH,CH,CHOj,2.36 
(dq. J=9 .0 .  6.8Hz, C(O)CH(CH,)), 2.22 (ddd, J=14.5,  7.2, 7.0Hz, l H ,  


19.3, 19.1, 18.8, 18.6, 18.1, 14.7, 12.6, 11.2. -2.9, -3.0, -3.6, - 3 . 8 ,  -4.1; 


C(CH,)=CHCH,), 2.19 (ddd, J = 14.5, 6.8, 6.6 Hz, 1 H, C(CH,)=CHCH,). 
1.97 (s, 3H, CH=C(CH,)), 1.99-1.88 (m. 2H,  CH,C(CH,)=CH). 1.63 (s, 
3H, C(CH,)=CHCH,). 1.35-1.00 (m. l I H ) ,  1.00 (d, J = 6 . 9 H z ,  3H, 
CH(CH,)), 0.86 (s, 18H, 2SiC(CH,),), 0.89-0.85 (m, 2H, (CH,),CHOSij. 
0.86 (d, J =  6.8 Hz, 3H, CH(CH,)), 0.82 (s, 9H, SC(CH,),), 0.04 (s, 3H, 
Si(CH,),), 0.03 (s, 3H. Si(CH,),), 0.02 (s, 6H, Si(CH,),), -0.03 (s, 3H. 
Si(CH,)2); I3C NMR (150.9 MHz, CDCI,): S = 213.1, 201.0, 164.2, 153.1. 
142.4, 136.6, 121.5, 119.6, 118.6, 114.9, 78.9, 76.9, 65.0, 51.3,42.5, 38.3, 36.7. 
35.2, 34.3, 32.1. 26.1, 26.0, 25.8. 25.7, 23.4, 19.1, 18.4, 18.2, 17.9, 17.8, 14.2, 
13.8, 11.6. 10.3, -3.7, -3.8, -4.6, -4.7, -5.0. 


Carbnxylic acid S h x i d a t i o n  of aldehyde 53: Carboxylic acid 55 (160 mg, 
91 %) was obtained from aldehyde 53 (172 mg, 0.206 mmol) according to the 
procedure described above for 25'. 55: R, = 0.15 (silica gel, 20%" ether in 
hexanes); ' H N M R  (500 MHz, CDC1,): 6 = 6.90 (s, 1H.  SCH=C), 6.50 (s. 
1H,CH=CCH,),5.12(dd,J=7.8,6.6Hz,1H,C(CH3)=CEICH,),4.54(br, 
1 H, (CH,),CCHOSi), 4.09 (dd, J = 6.4, 6.2 Hz, 1 H,  CH,CHOSi), 3.90 (d, 
J = 5.8 Hz, I H,  CH(CH,)CHOSi), 2.73 (s, 3 H, N=C(CH,)Sj, 2.60 (m, 1 H. 
CH,COOH), 2.50 (m, 1 H, CH,COOH), 2.41-2.16 (m, 3H,  C(OjCH(CH,). 
C(CH,)=CHCH,). 1.99-1.90 (m. 2H) ,  1.90 (5, 3H, CH=C(CH,)), 1.69 (s. 
3H,  C(CH,)=CHCH,), 1.50-1.25 (m, 7H),  1.08-0.98 (m. 4H), 1.05 (d, 
J = 6.8 Hz, 3H,  CH(CH,)), 0.92-0.83 (m. 32H, (CH,),CHOSi, CH(CH,), 
3SiC(CH,j,j, 0.07 (s, 3H, Si(CH,),), 0.06 (s, 3H,  Si(CH,),). 0.05 (s. 3H, 
Si(CH,),j, 0.04 (s, 3H, Si(CH,),), 0.03 (s, 3H, Si(CH,),), -0.01 (s, 3H, 
Si(CH,),): I3C NMR (125.7 MHz, CDCI,): 6 = 212.8, 175.1, 165.2, 152.5. 
143.3, 136.7, 121.5, 117.9, 114.5, 78.7. 77.5, 67.9,42.4. 39.1, 36.3. 35.2, 32.2, 
31.6, 31.0, 26.3, 26.0, 25.7, 23.4, 18.6, 1X.2, 18.1, 17.9, 17.6, 16.5. 13.9, 12.0, 


M +  Cs' calcd for C,,H,,NO,SSi, 982.4303. 


Carhoxylic acid %--oxidation of  aldehyde 54: Acid 56 (204 mg, 99 %) was 
obtained from aldehydc 54 (200 mg, 0.24 mmol) according to the procedure 
described above for 25'. 56: colorless oil; R, = 0.15 (silica gel. 20% ether in 
hexanes): [MI? = + 20.0 (c = 0.3, CHCI,); IR (thin film): = 2955. 2888, 
2856. 1713, 1680, 1509. 1462, 1384. 1254, 1183, 1077, 1031, 987. 941. 837, 
776 cin- ' ;  'HNMR (600 MHz, CDCI,): 6 = 6.90 (s. 1 H, SCH=Cj, 6.46 (s, 
IH,CH=CCH,j.5.12(dd,J=7.0,6.8Hz, 1H,C(CH3)=CHCH,),4.58(br, 
1 H, (CH,),CCHOSi), 4.06 (dd, J =7.7, 5.4 Hz, 1 H, CH,CHOSi), 3.84 (d. 
.I = 9.3 Hz, 1 H. CH(CH,)CHOSi), 2.71 (s, 3H, N=C(CH,)Sj, 2.60 (dd, 
J =15.1, 4.0 Hz, 1 H, CH,COOH), 2.60-2.52 (m. 1 H, C(O)CH(CH,)), 2.53 
(dd, J=15.0,  6.9Hz. l H ,  CH,COOH), 2.30-2.15 (m. ZH, 
C(CH,)=CHCH,), 1.95-1.88 (m, 2H,  CH,C(CH,)=CH), 1.92 (s, 3H. 
CH=C(CH,)), 1.65 (s, 3H,  C(CH,)=CHCH,j, 1.35-1.00(m, 11 H), 1.02(d, 
J = 6.8 Hz, 3H,  CH(CH,)), 0.87 (s, 18H, 2SiC(CH,),). 0.89-0.85 (m. 2H, 
(CH,),CHOSi), 0.84 (s, 9H, SiC(CH,),), 0.82 (d, J =  6.7 Hz, 3H, 
CH(CH,)j, 0.07 (s, 3H. Si(CH,),), 0.04 (s, 9H.  Si(CH,),), 0.03 (s, 3H, 
Si(CH,),), -0.01 (s, 3H, Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 
6 = 213.0. 175.2, 165.1, 152.6, 143.4, 136.9. 121.4, 118.1, 114.5, 78.9, 67.3, 
53.4, 43.5, 42.3, 38.2, 36.5, 35.3, 34.9, 32.2, 26.4. 26.2, 25.8, 25.7, 23.7, 18.7. 
18.5. 18.2. 18.0, 17.7, 14.1, 13.9, 11.6. 11.3. -3.6, -3.7, -4.6, -4.7, -4.8, 
-5.0; FAB HRMS (NBA, G I ) :  ni/e = 982.4278, M + C s 4  calcd for 
C,,H,,NO,SSi, 982.4303. 


Lactone 58-selective desilylation of tris(sily1 ether) 55 and macrolactonization 
o f  hydroxyacid 41 : A solution of tris(sily1 ether) 55 (75 mg, 0.088 mmol) in 
THP (1.8 mL, 0 . 0 5 ~ )  at 25°C was treated with TBAF (0.53 mL, 1 . 0 ~  solu- 
tion in THF, 0.53 mmol, 6.0 equiv). After stirring for 8 h, the reaction mix- 
ture was diluted with EtOAc (10 mL) and washed with saturated aqueous 
NH,CI (5 mL). The aqueous solution was extracted with EtOAc (2 x 10 mL), 
and the combined organic phase washed with brine (10 mL), dried (MgSO,). 
and Concentrated. The crude mixture was purified by flash column chro- 
matography (silica gel, 5 %  MeOH in CH,CI,) to provide hydroxyacid 41 
(40 mg, 62 YO) as a yellow oil [RJ = 0.40 (silica gel, 5 YO MeOH in CH,CI,)]. 
A solution of hydroxyacid 41 (40 mg, 0.054 mmol) in THF (0.8 mL. 0 . 0 7 ~ )  
was treated a t  0 ' C  with Et,N (17 pL. 0.12 mmol, 2.2 equiv) and 2.4,6- 
trichlorobenzoyl chloride (14.5 pL, 0.06 mmol, 1.1 equiv). The reaction mix- 
ture was stirred at 0°C for 1 h, and then added to a solution of 4-DMAP 
(1.4 mg, 0.1 1 mmol, 2.0 equiv) in toluene (28 mL, 0.002 M) at 25 C and stirred 
at that tempewture for 3 h. The reaction mixturc was concentrated under 
reduced pressure to a small volume and filtered through silica gel. The residue 
was washed with 40% ether in hexanes, and the resulting solution concentrat- 
ed. Purification by flash column chromatography (silica gel, 2 %, MeOH in 


-4.0, -4.1, -4.5, -4.8, -5.7; FAB HRMS (NBA/CsI): m ; ~ =  982.4264, 
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CH,CI,) furnished lactone 58 (27 mg, 70%) as a white solid. 58: R,  = 0.35 
(silica gel, 30% ether in hexanes); m.p. 81 "C (from CH,Cl,/hexanes); 
[E]: = -134.3 (c = 0.9, CHC1,); IR (thin film): C,,, = 2931, 2856, 1740, 
1683, 1462, 1380, 1252, 1164, 1102, 1060, 1031, 834, 774cm-'; ' H N M R  
(600 MHz, CDCI,): 6 = 6.90 (s, 1 H, SCH=C), 6.36 (brs, I H ,  CH=CCH,), 
5.16(br,lH),5.04(br,1H),3.95(d,J=7.3Hz,lH,CHOSi),3.55(br,lH, 
C(CH,),CHOSi), 2.80-2.78 (m, 1 H, C(O)CHCH,), 2.68 (s, 3H, 
N=C(CH,)S), 2.55-2.38 (m, 4H,  CH,COOCH, CH,C=CHCH,), 2.03 (s, 
3H,CH=C(CH,)), 1.70(s, 3H,C(CH,)=CHCH,), 1.78-1.03(m,7H), 1.11 
(d, J = 6.6 Hz, 3H,  CH(CH,)), 1.01 (d, J = 6.6 Hz, 3H, CH(CH,)), 0.89 (s, 
9H, SiC(CH,),), 0.88 (s, 9H,  SiC(CH,),), 0.94-0.83 (m, 3H,  
C(CH,),CHOSi), 0.40-0.33 (m, 1 H,  C(CH,),CHOSi), 0.14 (s, 3H,  
Si(CH,),), 0.13 (s, 3H,  Si(CH,),), 0.08 (s, 3H, Si(CH,),), 0.04 (s, 3H, 
Si(CH,),); I3C NMR (150.9 MHz, CDC1,): 6 = 214.6, 170.0, 164.7, 152.8, 
139.0, 137.9, 121.3, 118.8, 116.2, 74.5, 53.3,48.7,41.0, 39.4, 35.2, 31.9, 31.8. 
31.1,26.6,25.9, 25.6, 23.5, 19.7, 19.0, 18.2, 18.1, 17.8, 15.5, 10.0, -3.1, -3.8, 
-4.2, -6.2; FAB HRMS (NBA): m/e=718.4357, M + H +  calcd for 
C,,H,,NO,SSi, 71 8.4357 


Hydroxyacid 57-selective desiiylation of tris(siIy1 ether) 56: Carboxylic acid 
56 (200 mg, 0.235 mmol) was converted to hydroxyacid 57 (85 mg, 50%) 
according to the procedure described above for 2 6 . 5 7 :  Yellow oil; R, = 0.45 
(silica gel, 5 %  MeOH in CH,CI,); [a]? = + 10.0 (c = 0.3, CHC1,); IR (thin 
film): CmaX = 3440,2955,2930,2871,1713,1679,1462,1383,1254,1185, 1097, 
986. 836, 775, 734cm-'; ' H N M R  (SOOMHz, CDCI,): 6 = 6.95 (s, I H ,  
SCH=C), 6.60 (s, I H ,  CH=CCH,), 5.15 (dd, J = 6 . 9 ,  6.7Hz, 1H,  
C(CH,)=CH/, 4.66 (dd, f = 6.4, 3.7Hz, I H ,  (CH,),CCHOSi), 4.33 (dd, 
J = 6 . 8 ,  6.1Hz, 1 H ,  CH,CHOH), 3.84 (d, J = 9 . 2 H z ,  l H ,  
CH(CH,)CHOSi), 2.73 (s, 3H,  N=C(CH,)S), 2.58-2.53 (m, 2H, 
CH,COOH, C(O)CHCH,), 2.45 (dd, J =15.0, 6.6 Hz, 1 H, CH,COOH), 
2.34-2.29 (m, 2H, C(CH,)=CHCH,), 2.30 (dd, J =16.3, 6.4 Hz, I H ,  
CH,COOH), 2.05--1.91 (m, 2H,  CH,C(CH,)=CH), 1.98 (s, 3H, 
CH=C(CH,)), 1.71 (s, 3H, C(CH,)=CHCH,), 1.38-1.17 (m, 7H), 1.05 (d, 
J =  6.8 Hz, 3H,  CH(CH,)), 0.89 (s, 9 H ,  SiC(CH,),), 0.85-0.82 (m, 23H, 
(CH,),CHOSi, CH(CH,), SiC(CH,),), 0.09 (s, 3H, Si(CH,),), 0.06 (s, 6H,  
Si(CH,),), 0.05 (s, 3H,  Si(CH,),); I3C NMR (125.7 MHz, CDCI,): 
6 = 213.4, 174.0, 165.3, 152.2, 142.4, 139.5, 120.1, 118.2, 114.9, 77.1, 66.9, 
43.5, 42.7, 38.0, 36.9, 35.1, 34.1, 32.2, 26.4, 26.2, 25.8, 23.9, 18.6, 18.5, 18.0, 


CsI): m/e = 856.3402, M+Cs+ calcd for C,,H,,NO,SSi, 856.3439. 
17.7, 14.8, 13.9, 11.6, 11.0, -3.6, -3.7, -4.6, -4.7; FAB HRMS (NBA/ 


Lactone 59-macrolactonization of hydroxyacid 57: The cyclization of hy- 
droxyacid 57 (80 mg, 0.11 mmol) was carried out exactly as described for 5' 
above and yielded lactone 59 (56 mg, 72%) as a crystalline solid: R ,  = 0.65 
(silica gel, 20% ether in hexanes); m.p. 157°C (from MeOHiEtOH); 


I H ,  SCH=C), 6.46 (s, I H ,  CH=CCH,), 5.02 (m, 2H, CH,C=CHCH,, 
CH,COOCH/, 3.87 (d, J = 8.8 Hz, 1 H, CHOSi), 3.88 (d, J = 8.9 Hz, 1 H,  
CHOSi), 2.69 (s, 3H,  N=C(CH,)S), 2.62 (dd, J=12.7, 4.4Hz, l H ,  
CH,COOCH), 2.58-2.50 (m. 2H), 2.44-2.36 (m, 1 H), 2.31-2.24 (m, 1 H), 
2.17-2.10(m,1H),2.14(s,3H,CH=C(CH3)),1.74-1.68(m,1H),1.64(s, 
3H, CH,C(CH,)=CH), 1.48-1.23 (m, 7H),  1.14-1.07 (m. l H ) ,  1.02 (d, 
J =  6.8Hz,3H,CH(CH3)),0.97(d,J= 6.8Hz,3H,CH(CH3)),0.88(s,9H, 
SiC(CH,),), 0.85 (s, 9H, SiC(CH,),), 0.91-0.82 (m, 2H),  0.06 (s, 3H, 
Si(CH,),), 0.05 (s, 3H, Si(CH,),), 0.04 (s, 3H,  Si(CH,),), 0.03 (s, 3H, 
Si(CH,),); I3C NMR (150.9 MHz, CDCI,): 6 = 212.5, 169.2, 164.5, 152.6, 
139.3, 136.8, 121.6, 118.8, 116.2, 80.4, 75.9,42.9,42.6, 36.5, 35.1, 33.4, 30.7, 
30.5.26.3.25.8, 24.2,23.2,19.2, 18.6, 18.1, 17.8, 14.5, 14.2, 12.4, -3.2. -3.6, 
-4.8, -5.3; FAB HRMS (NBA): m/e =718.4330, M + H '  cnlcd for 
C,,H,,NO,SSi, 71 8.4357. 


Dihydroxylactone 40: Dihydroxylactone 40 (11.0 mg, 92%) was prcpared 
from bis(sily1ether) 58 (17.6 mg, 0.024 mmol) by treatment with HF.pyridine 
according to the same procedure described above for the preparation of 4. 
40: R, = 0.20 (silica gel, 4 %  MeOH in CH,CI,); m.p. 67°C (from CH,CI,/ 
hexanes); = -108.7 (c 0.1, CHCI,); 1R (thin film): ;,,,ax = 3458, 2931, 
1730,1674, 1451,1375,1169,1040,980,911,732 cm-'; ' H N M R  (600 MHz, 
CDCI,): 6 = 6.95 (s, I H ,  SCH=C), 6.47 (s, 1 H, CH=CCH,), 5.46 (dd, 
J z 6 . 8 ,  3.3H2, 1H,  CH,COOCH), 5.10 (dd, J = 8 . 0 ,  7.0Hz, 1H,  
CH,C=CHCH,), 3.82 (dd, J =  6.3, 2.2 Hz, 1 H, CHOH), 3.75 (br, I H ) ,  
3.55-3.48 (m, 2H), 2.78 (dd, J=17.2, 9.2Hz, 1 H, CH,COOCH), 2.69 (s, 
3H, N=C(CH,)S), 2.67 (dd. J = 17.3, 3.4 Hz, 1 H,  CH,COOCH), 2.54-2.45 


[a]? = - 40.5 ( C  = 0.2, CHCJ,); 'HNMR (600 MHz, CDCI,): S = 6.97 (s, 


(m,1H),2.44-2.35(m,1H),2.19-2.13(m, 1H),2.06(s ,3H,CH=CCH3),  
2.11-2.01 (m, I H ) ,  1.95-1.86 (m, I H ) ,  1.73-1.62 (m, I H ) ,  1.71 (s, 3H. 
CH,C(CH,)=CH), 1.62-1.52 (m, 2H), 1.49-1.35 (in, 2H). 1.29-1.23 (m, 
2H),  1.25(d,J=6.7Hz,3H,CH(CH,)),1.30-1.20(m,1H), 1.19-1.10(s, 
I H ,  C(CH,),), 1.00 (d, J =  6.9Hz. 3H,  CH(CH,)), 1.00-0.96 (m, 1 H, 
C(CH,),), 0.75-0.69 (m, 1 H, C(CH,),); 13C NMR (150.9 MHz, CDCI,): 
6 = 216.6,173.0,165.8,153.4,140.1,137.9,120.6, 117.0.77.9, 75.7,70.3,45.3, 
38.5, 37.3, 34.1, 31.7, 31.6, 30.7, 26.0, 23.9, 19.0, 17.1. 16.5. 15.6, 15.4, 10.9; 
FAB HRMS (NBA): m/e = 490.2639, M + H +  calcd for CZ,H3,N0,S 
490.2627. 


Dihydroxylactone 60: Dihydroxylactone 60 (1  9.0 mg, 90 %) was prepared 
from bis(sily1 ether) lactone 59 (31 mg, 0.043mmol) by treatment with 
HF.pyridine according to the same procedure described above for the prepa- 
ration o f 4 .  60: R, = 0.45 (silica gel, 5 %  MeOH in CH,CI,); [r];' = - 122.9 
(c 0.1, CHCI,): IR (thin film): !,,,ax = 3457, 2934, 2360, 1731, 1667. 1449, 
1377,1242, 1165, 1070,1039,978,911, 732 cm- ' ;  'HNMR (600 MHz. CD- 
CI,): 6 = 6.95 (s, I H ,  SCH=C), 6.53 (s, l H ,  CH=CCH,), 5.51 (d, 
J = 6 . 8 H z ,  l H ,  CH,COOCH/, 5.15 (dd, J = 8 . 1 .  7.6Hz. I H ,  
CH,C=CHCH,), 3.84 (dd, J=13.4,  6.7 Hz, 1 H, CHOH), 3.77 (d. 
J=11.3Hz.  l H , C H O H ) , 3 . 4 7 ( d , J = 6 . 9 H z ,  I H ) . 3 . 4 6 ( ~ ,  l H ) , 3 . 0 0 ( ~ .  
I H ) ,  2.78 (dd, J=16.7, 11.5Hz, I H ,  CH,COOCH), 2.70 (s, 3H. 
N=C(CH,)S), 2.65 (dd, J =16.7, 3.0 Hz, 1 H,  CH,COOCH), 2.60-2.55 (m. 
lH),2.44-2.35(m,lH),2.35-2.26(m,lH),2.25-2.17(m, l H ) , 2 , 0 7 ( ~ , 3 H ,  
CH=CCH,), 2.05-1.98 (m, l H ) ,  1.66 (s, 3H, CH,C(CH,)=CH),1.67-1.55 
(m. 3H),  1.48-1.41 (m, 3H), 1.10-0.99 (m, 8H. 2CH(CH,), C(CH,),). 
0.96-0.88 (m, 1 H, C(CH,),), 0.70-0.64 (m, 1 H, C(CH,),): "C NMR 
(150.9 MHz, CDCI,): b = 218.7, 171.3, 165.1, 152.5, 137.7, 137.6, 121.4, 
119.5, 116.1, 77.9, 74.6, 70.9,43.5,40.1,35.4, 33.9, 32.0, 31.3, 30.8, 26.0, 23.4. 
22.1, 18.9, 18.5, 15.8, 15.6, 13.6, 10.1; FAB HRMS (NBA/CsI): nil 


e = 622.1580, M+Cs+ calcd for C,,H,,NO,S 622.1603 


Epothilones 3 and 61-poxidation of lactone 40 with rnethyl(triffuoro- 
methy1)dioxirane: To a solution of 40 (10 mg, 21.0 gmol) in MeCN (200 pL) 
was added 4 x 10- ,M aqueous solution of disodium ethylenediaminetetraac- 
etate (Na,EDTA, 120gL), and the reaction mixture was cooled to 0°C. 
l,l,l-Trifluoroacetone (200 pL) was added, followed by a mixture of Oxone" 
(61 mg, 0.10 mmol, 5.0 equiv) and NaHCO, (14.0 mg, 0.17 mmol, 8.0 equiv) 
with stirring until completion of the reaction was revealed by TLC. The 
reaction mixture was treated with excess Me,S (100 pL) and water (500 pL) 
and was then extracted with EtOAc (4 x 2 mL). The combined organic phase 
was dried (MgSO,), filtered. and concentrated. Purification by preparative 
thin-layer chromatography (silica gel. 80 % EtOAc in hexdnes) furnished pure 
(6S,7R)-4,4-cyclopropyl-epothilonr B 3 (7.7 mg. 76 %) and its r-epoxide 
epimer 61 (I.Omg, 10%). 
3: R,  = 0.45 (silica gel, 80% EtOAc in hexanes); m.p. 82 ,'C (from CH,CI,; 
hexanes); [a]? = - 45.0 ( c  = 0.02, MeOH); IR (thin film): Cmax = 3443, 
2929, 1739, 1674,1379, I158,1093,754cm-'; 'HNMR (600 MHz, CDCI,): 
6 = 6.94 (s, I H,  SCH=C), 6.49 (s, 1 H, CH=CCH,), 5.64 (dd, J = 4.1, 
3.1Hz, lH,O=COCH),3.88(br,1H),3.82(d,J=7.9Hz, lH),3.52-3.44 
(m,2H),2.97(s ,2H),2.85(dd,J=17.1,9.1Hz,  1H,CH2COO).2.8S(dd. 
J = 7 . 7 ,  5.9Hz, l H ) ,  2.70(s, 3H, N=C(CH,)S),2.71--2.67 (m, 1H).  2.20- 
2.13 (m, 1H),  2.11 (s, 3H,  CH=C(CH,)), 1.85 (ddd, J=11.7 ,  8.0, 3.7Hz, 
1H,CH,CHO),1.82-1.74(m,1H),1.63-1.55(m,1H),1.53 1.49(m,3H). 
1.52-1.37 (m. 6H),  1.33-1.25 (m, 2H),  1.29 (s, 3H,  C(CH,)). 1.04 (d, 
J =  6.8 Hz, 3H, CH(CH,)), 1.12 (ddd, J =  6.7, 4.4, 2 .3  Hz. 3H,  C(CH,),), 
1.03 (d, J = 6.8 Hz. 3 H, CWCH,)), 1.03-0.98 (m, 1 H, C(CH,),), 0.78-0.72 
(m, I H ,  C(CH,),); I3C NMR (150.9 MHz, CDCI,): d = 215.1, 171.9, 165.2. 
152.4, 136.0, 119.4, 116.5, 76.0, 75.2. 70.0, 61.0, 60.7, 45.8. 42.5, 38.5, 36.3. 
34.3, 31.7, 31.4, 29.8.22.9.22.5. 19.0, 17.4,17.0, 15.9, 15.7, 10.6:FABHRMS 
(NBA): m/e = 506.2561. M + H +  calcd for C,,H,,NO,S 506.2576. 
61: R, = 0.50 (silica gel, 80% EtOAc in hexanes); [a];' = - 31.1 (c = 0.05. 
MeOH); IR (thin film): Cmax = 3463,2926, 1735, 1378. 1158 cm- ' ;  'H NMR 


5.45 (dd, J = 6 . 3 ,  S.OHz, 1H,  O=COCH ), 4.45 (br, IH),  3.74-3.68 (m, 
2H), 3.01 -2.95 (m, 1 H), 2.83 (dd, J = 16.3, 5.6 Hz. 1 H, CH,COO), 2.79 (dd, 
J = 6.3, 6.0 Hz, 1 H), 2.70 (s, 3H, N=C(CH,)S), 2.62 (dd, J = 16.3, 4.5 Hz, 
1H,  CH,COO). 2.39 (br, IH) ,  2.10 (s, 3H.  CH=C(CH,)), 2.10-1.94 (m, 
2H), 1.60-1.21 (m, IOH), 1.10-1.05 (m, 2H),  1.07 (d. J =  6.8Hz. 3H. 
CWCH,)), 0.94 (d, J=7.0 Hz. 3H,  CH(CH,)), 0.88-0.81 (m, 2H, 
C(CH,),); FAB HRMS (NBA): mje = 506.2576. M + H +  calcd for 
C,,H,,NO,S 506.2593. 


(600 MHz, CDC1,): 6 =7.00 ( s ,  3 H, SCH=C), 6.60 (s, 1 H, CH=CCH,). 
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Epothilones 62 and 63-epoxidation of lactone 60: Compound 60 (10.0 mg, 
21 0 pmol) was epoxidized according to the procedure described above for 40 
to yield a mixture of (6R,7S)-4,4-cyclopropyl-epothilone B (62) (6.2 mg, 
6 0 % )  and its r-epoxy diastereoisomer 63 (2.8 mg, 29%). 
62. R, = 0.40 (silica gel, 60% EtOAc in hexanes); m.p. 143-145'C (from 
CH,CI,/hexanes); [ x ] A 2  = - 60.0 ( c  = 0.1. MeOH); IR (thin film): 


= 3450, 2929. 1736, 1671, 1451, 1379. 1240. 1155. 977, 7 3 2 c m - ' :  
'H  NMR (600 MHz. CDCI,): S = 6.97 ( s ,  1 H. SCH=C). 6.58 (s, 1 H. 
CW=CCH,),5.60(dd,J=4.1,3.1 Hz.lH,O=COCH),4.53(d,J=9.7Hz, 


3.54, (s, 1 H,  OH) .  2.90 (dd, J = 8.3, 4.5 Hz, 1 H). 2.70 (s, 3 H ,  N=C(CH,)S). 
2.S~(dd,J~14.9,10.2H~,1H,CH,COO),2.85(dd,J=14.8,1.6Hz, l H ,  
CHZCOO). 2.19 (dd, J =  5.0, 5.0Hz, 1 H) ,  2.16 (s, 3H,  CH=C(CH,)), 1.94 
(ddd,J=15.2,8.3,3.5Hz,1H,CH2CHO),1.73-1.23(m,7H).1.27(s,3H, 
C(CH,)), 1.10 (d. J = 7 . 0 H z ,  3H,  CH(CH,)), 1.08 (d, J = 6 . 8 H z ,  3 H ,  
CH(CH,)), 0.97-0.84 (m. 3 H .  C(CH,),), 0.78-0.70 (m, 1 H ,  C(CH,),); "C 
NMR (150.9 MHz, CDCI,): 5 = 218.1, 171.0, 165.2, 152.6, 135.5. 119.7, 
116.9. 76.4, 73.5. 68.5. 61.8, 60.9, 41.6, 39.4, 34.7. 34.5, 32.9, 32.6, 30.7. 21.6, 
19.7, 19.0. 16.1, 15.8, 15.7, 13.9, 10.7. 9.2; FAB HRMS (NBA): m/  
e = 506.2589. calcd for C,,H39N0,S (M+H' )  506.2576. 


63: R, = 0.37 (silica gel, 80%) EtOAc in hexanes); ' H N M R  (600 MHz, 


.I =7.5 Hz, 1 H,O=COCH).4.12(d.  J = 9.3 Hz, l H ) ,  3.66(m, 1H),3.5X(d, 
J -  9.0 Hz, l H ) ,  3.43 (s, 1 H, OH), 3.35 (a. 1 H .  OH). 2.88-2.79 (m, I H ) ,  


(d. J=16.1 Hz, 1 H, CH,COO). 2.10 (s, 3H, CH=C(CH,)),  2.10-1.84 (m, 
2 H ) ,  1.62-1.01 (m, 11H) ,  1.31 ( s ,  3H,  C(CH,)), 1.14 (d, / = 6 . 8 H z ,  3H,  
CH(CH,)). 1.03 (d, J = 6.7 Hz, 3 H ,  CH(CH,)), 0.75-0.70 (m, l H ,  
C(CH,),); "C N M R  (150.9 MHz, CDCI,): b = 218.5, 171.4, 165.2, 152.4, 
135.6, 120.1. 116.7, 76.8, 74.1. 69.8. 61.6, 60.4, 43.4. 39.3, 34.4, 34.2, 32.9, 
33.2, 32.2,31.6, 23.2,20.8, 19.0,17.1, 15.5. 15.3. 13.9.11.4, 10.9; FABHRMS 
(NBA): m / e  = 506.2583, M + H +  calcd for C,,H,,NO,S 506.2576. 


1 H) .4 .45(br3  l H ) ,  3 . 7 3 ( d . J =  9.1 Hz, 1 H ) ,  3 . 5 9 ( d d . J = 1 4 . 6 ,  7.5 Hz, I H ) ,  


CDCI,): 6 = 6.99 (s, 1 H ,  SCH=C), 6.53 (s, 1 H,  CH=CCH,) ,  5.75 (d,  


2 . 7 4 ( d d , J = 1 6 . 1 ,  5 . 7 H ~ ,  1H,  CH,COO). 2.70 (s, 3 H ,  N=C(CH,)S), 2.57 
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Polymeric [ (Me,Sn),Rh(SCN),] : A Novel “Super-Prussian-Blue” Derivative 
Containing the Nonlinear -SCN-Sn- NCS- Spacer 


Eric Siebel and R. Dieter Fischer* 
Dedicated to Professor Gottfried Huttner ow the occasion of his 60th birthday 


Abstract: The new coordination poly- 
mer [(Me,Sn’v)3Rhi”(SCN),1 = :[Rh{p- 
(SCNSnMe,NCS)},] (5) is readily accessi- 
ble by straightforward self-assembly 
of [Rh(SCN),J3- and (dehydrated) 
{Me&)& ions. The architecture of 5 is 
strongly reminiscent of “super-Prussian- 
blue” systems reported earlier: there is a 
thrcc-dimensional (3-D) framework in- 


Introduction 


volving {Rh,) pseudocubes as the basic 
building blocks, the Rh3+ ions being held 
apart by novel, nonlinear {SCN-SnMe,- 
NCS) spacers (d(Rh.. . Rh) = 1.27 nm). 


Keywords 
coordination polymers * Prussian blue 


rhodium * structure elucidation - tin 


The complcte lattice consists of two equiv- 
alent and independent. ideally interwoven 
3-D frameworks. Three homologiies of 5 
with slightly modified R,Sn units 
(R = Et, nPr and nBu) have been pre- 
pared as well, but display X-ray powder 
diffraction patterns notably different 
from that of 5. 


The history of Prussian blue (PB) and closcly related polymeric 
metal cyanides is rich in remarkable landmarks.“] Interestingly, 
at least four years before the first presentation of the architec- 
ture of “real” PB,12] Pauling and Pauling had already deduced 
the structure of the first “super-PB” systems from reported X- 
ray powder diffractogram (XRP) data.[31 According to their 
analysis, crystalline Ag,[Co(CN),J (I)  should consist of three 
equivalent and independent, ideally interwoven “super-PB” 
frameworks (Figure 1) with {CN--Ag-NC) instead of (CN) 
spacers between two transition-metal ions. This hitherto un- 
questioned viewL4] is further supported by more recent studies of 
single crystals of the related compounds {K’ cAu\[Co”- 
(NC)J} (2)[’] and {Rb’ cAg\[Cd”(NC)J) (3).[61 In spite of 
the interpenetration of three {M,} pseudocubes in 1-3 
(M = Co or Cd), sufficient space remains for the alkali guest 
cations to reside in straight channels along one body diagonal 
of the pseudocubes.[‘] We first showed in 1985[” that by 
the formal replacement of each Ag’ ion of 1 (Figure 1) by a 
planar Me,Sn+ fragment as spacer, lattice interpenetration 
is circumvented. The resulting organotin(1v) polymer 
[(Me,Sn),Co(CN),] = :[Co{p-(CNSnMe,NC)},] (4) adopts 
an unprecedented type of spacious, three-dimensional (3-D) 
framework devoid of any pseudocubes as basic structural build- 
ing blocks.[’, s] After the recent dem~nst ra t ion[~]  that the related 


[*I Prof. Dr. R .  D. Fischer, Dipl.-Chcm. E. Siebel 
Institut fur Anorganische und Angewandte Chemie der Universitat 
Martin-Luther-King-Platz 6, D-20146 Hamburg (Germany) 
Fax:  Int. code + (40)4123-2893 
e-mail: fischer(u chemic.uni-hamburg.de 


Figure I .  Simplified view of the interpenetrating, triple framework structure of the 
“super-Prussian-blue” syateins 1, 2, and 3 (the alkali guest cation of 2 end 3 is 
omitted). M’ = Ag. Au: M” = Co. Cd. 


negatively charged j[Fe”{p-(CNSnMe,NC));] lattice displays 
intraframework channels wide enough to host, inter aha, metal- 
locene cations, we wish to report here the synthesis and the 
crystal structure of the novel coordination polymer 
[(Me,Sn),Rh(SCN),] = :[Rh(p-(SCNSnMe,NCS)),] (5),  
wherein the spacer is elongated by two sulfur atoms. 


Results and Discussion 


Our intention to replace the “super-PB” spacers {NC-M‘- 
CN) or {CN-M’-NC) (M’ = Ag, Au) adopted so far with an 
obviously longer {SCN-Sn-NCS} tether would require the 
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choice of a transition-metal ion able to coordinate the relatively 
sulfur site of the thiocyanate ion. Trivalent rhodium was 


chosen in view of promising reports by Preetz et al.,["] who 
succeeded in separating the salts of various linkage isomers of 
the complex type [Rh(NCS),(SCN),-n]3- (n  = 0-4) from each 
other. To verify the situation for n = 0, we speculated on an 
ancillary activity of the triorganotin ion, which was expected to 
make only the sulfur atoms available for the rhodium ions, 
owing to its well-known preference for the nitrogen site of the 
NCS- anion.['21 


Actually, analytically pure, air-stable products of the antici- 
pated composition [(R,Sn),Rh(SCN),] with R = Me, Et, nPr 
and nBu (5-8) wefe readily accessible as red or orange precipi- 
tates according to Equation (l), where R = Me (5 ) ,  Et ( 6 ) ,  nPr 


3 R,SnCI + K,[Rh(NCS),(SCN),,-J [(R,Sn),Rh(SCN),] (1) 
~ 3KCI 


(Oin<4) 


(7) or nBu (8). Sparing solubility in common solvents and high 
thermal stability, without evidence of melting up to at least 
250"C, are indicative of the formation of coordination poly- 
mers. Only one v(CN) band for each is detectable in the infrared 
(IR) spectra (Table l), with frequencies significantly higher than 
for K,[Rh(SCN),] (2098 cm-' [''I) and polymeric [Me,SnNCS] 
(2050-2090 cm ~ 11131). Mixtures of different linkage isomers 
would be expected to display more than one v(CN) band.["] 
Centrosymmetric (RhS,} fragments may be deduced for 5 from 


Table 1 .  Selected spectroscopic (IR, I3C NMR) data, experimental densities (per,,) 
and formula volumes (V,)  of 5-8. 


Quantity 5 (R = Me) 6 (R = Et) 7 (R = nPr) 8 (R = nEu) 


2120 ss [a] 2118 ss 2116 ss 
566 m 525 rn 512 m 
1.98 1.64 1.52 
499 652 786 
2.02 [c] 11 3 br 19.1 


10.6 20.1 
22.8 


512 49 3 [fl 


2117 ss 
510 m 
1.36 
971 
19.7 
29.1 
27.7 [d,e] 
51 3 


[a] Raman band of 5 :  2127 cn1-l. [h] V, = p c x p / M , .  [c] d(I3C) of NCS group of 
5 =122.3. [d] S(',C) of 8 =14.2. [el The assignment of S(13C) follows ref. [24]. 
[f] Suitable satellites of I3C, resonance to determine 1J(119Sn, "C) not detectable. 


Abstract in German: Die Selbstorganisation von [ Rh- 
( S C N ) J 3  - -  und dehydrutisierten {Me,Sn)&-Ionen jiihrt zu 
dem neuartigen Koordinationspolyrner [ (Me,Sn") ,Rh"'- 
( S C N ) , ]  = 21 Rhjl.l-(SCNSnMe,NCSi),] ( 5 )  , dessen Archi- 
fektur deutlich an die bereits hekannter . , Super-Berlinerb1au"- 
Systeme erinnert. { Rh,)-Quasiwii$el bilden die Grundbausteine 
pines dreidimensionalen (3 -0)  Netzwerks, dessen Rh ' - Ionen 
durch reiativ lange, nichtlineare {SCN-SnMe,- NCS)  --Spacer 
rniteinander verknupft sind (d(  Rh ' ' ' Rh)  = 1.27 nm) . Das voll- 
standige Gitter umfaJt zwei aquivalente und voneinander unab- 
hungige 3-D-Netzwerke, deren (Rh,)-Quasiwurfel optimal 
ineinander geschuchtelt sind. Drei Homologe von 5 mit leicht 
modifizierten R,Sn-Einheiten ( R  = Et ,  nPr, und nBu) werden 
ehmfulls hergestellt und nuher beschrieben: Ihre Rontgenpzilver- 
diagrurnme weichen signifikunt von dem von 5 ah. 


the appearance of two pairs of nonsuperimposable v(RhS) 
bands in the IR and Raman (Ra) spectra (IR: 276 m, 282 m, Ra: 
238, 258 cm-'). 


The structure analysis of a single crystal of 5 confirms the 
presence of quasioctahedral {RhS,] units of local D,, symmetry 
and, moreover, a closer resemblance to the above-mentioned 
"super-PB" systems 1-3 than to 4. Thus, {Rh,) pseudocubes 
result from the periodic cross-linking of almost linear 
Rh . . Sn . . . Rh . . . Sn chains with a Rh . . . Rh separation of 
1.27 nm and Rh-Rh-Rh" angles of 87.22(1) and 92.78(2)". 
When the thiocyanato bridges are accounted for as well, obvi- 
ously nonlinear chains of the general pattern -[Rh-S 1 -C 1 - 
N1 -SnPN2-C2-S2]-, become apparent (Figures 2 and 3). 


Figure 2.  ORTEP plot of one representative zigzag chain of 5 and parts of its 
immediate surroundings. 


Rh 


/,h L 
c " /  b 


i 
a 


Figure 3. Simplified view of the interpenetrating double framework structure of 5: 
NCS bridges are shown only between four Sn-Rh pairs, and all CH, groups are 
omitted for clarity (the direct lines between the Rh and Sn atoms do  not correspond 
to chemical bonds). 


The considerable elongation of the Rh . . . Rh distance relative to 
the shortest Co . . Co distance in 4". (ca. 0.94 nm) would 
favour framework interpenetration, while the pronounced kinks 
at the sulfur atoms (for the values of the Rh-S-C angles see 
Table 3)  and the space-demanding tin-bonded methyl groups 
are more likely to counteract that tendency. It should be noted 
that the slightly smaller Hg-S-C angles of polymeric [Co- 
Hg(SCN),] (97.3 (5)0)[141 do prevent framework interpenetra- 
tion in this potentially diamondoid 3-D system. 


Actually, 5, unlike 1-4, displays a "super-PB"-like lattice 
built up of two equivalent, ideally interwoven frameworks (Fig- 
ure 3). A perspective of the complete structure viewed along its 
crystallographic c axis (that is, along one body diagonal of 
the pseudocubes, Figure 4) suggests comparatively compact 
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graphically determined asymmetric unit should likewise be re- 
flected by the CPMAS (CP = cross-polarisation; MAS = 


magic-angle spinning) solid-state 13C NMR spectrum of finely 
ground polycrystalline 5. However, although three nonequiva- 
lent CH,- and two different NCS units are present, only one 
methyl and one thiocyanate carbon resonance appear down to 
-30°C. Rapid (on the NMR timescale) rotation of the Me,Sn 
units about their N-Sn-N axes must account for this discrepan- 
cy. Similar deviations of solid-state NMR features from results 
of X-ray diffraction studies have been observed earlier in closely 
related cases, because these two techniques refer to very differ- 
ent timcscaIes.[8s 161 


Interestingly, the XRP's of 6-8 [see Equation ( I )  and Fig- 
ure 61 look quite different from that of 5. Since the density-based 


(nBu,Sn),Rh(SCN]" (8) 
b 


(nPr Sn) Rh(SCN]" (7) 
Figure 4. Perspective of the structure of 5 along the c I 
axis: all CH, groups are omitted for clarity. 'a 


packing, as the channels corresponding to those hosting the 
alkali guest cations of 2 and 3[151 have to accommodate the 
tin-bonded methyl groups. As would be expected for the mutual 
interpenetration of two spacious frameworks, the crystallo- 
graphic formula volume Vj of 5 (ca. 500 cm3mol-') exceeds 


trireticulate "super-PB" systems 1-3 (184-218 cm3mol - ') by 
at least 130% (for 3). 


As the experimental X-ray powder diffractogram (XRP) of 5 
agrees well with the calculated one (Figure 51, the crystallo- 


10 20 30 40 50 60 
2 0  ["I - 


that o f 4  (460 cm3mol- 1) by only 8.7 yo, but the V, values ofthe Figure 6. Experimental X-ray powder dlffrdctogrdms of 5 and 6-8. 


formula volumes V, of 5-8 increase gradually with the space 
demand of the tin-bonded group R (Table I) ,  changes of the 
framework architecture are likely to result as the volume of R 
increases. Actually, some of the intraframework voids of 5, de- 
picted in Figure 7, might be too narrow to accommodate R,Sn 
units with R larger than Me, since the van der Waals spheres of 
the closest-lying methyl C and thiocyanato S atoms are not far 
from overlapping. For instance, we have found the following 
relatively short (but still nonbonding) distances (in pm): 
S1 ... C4, 389.8; S1 . . .  H(4C). 318.6; S2...H(4B), 318.7. On 
the other hand, V, does not increase abruptly, nor does it reach 
values about twice as large as V, of 5, so that a transition to a 
framework devoid of interpenetration seems unlikely. We have, 
moreover, observed a corresponding increase of V, when R was 
varied within different series of coordination polymers of the 
type [(R,Sn),M(CN),] with M = Co, Rh, Ir, where lattice inter- 


13C NMR spectra of 6-8 suggest that, owing to the anticipated 
moderate lattice expansion, rapid R,Sn rotation again takes 
place, since just one signal is found for each of the non- 


(b) 


J penetration may be strictly ruled out (Table 2). The CPMAS 


(a) 
rc 1 equivalent carbon atoms in the CI-, p-, y- and &positions of R 


' &, (Table 1). 10 20 30 40 50 
2 0  ["]- Recently, the first complete description of a successful single- 


crystal X-ray study of a genuine salt of the [Rh(SCN),I3- ion, Figure 5 .  Experimental (a) and calculated (b) X-ray powder diffrdctograms of 5. 
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b 


I Figure 7. Perspzctivc or the structure of 5 along thc (I iixis, 
depicting the space actually available for the organic groups 
R of thc org.nnotm(iv) fragment. The CH, groups are omitted 
Jor clarit). c * ~ -  _A’ 


Table 2. Formula volumcs V, of variom [(R,Sn),M(CN),] systems, calculated 
from pyknometric density values. 
~~ - 


M R = Me R = Et R = nPr R = IIBU 


Cl, 460 603 705 79 8 
I< h 476 573 71 1 836 
Ir 43 I 543 680 654 


[P(C,H,),],[Rh(SCN),] (9), has appeared.[I7] A selection of 
corresponding bond lengths and bond angles for 5 and 9 is listed 
for comparison in Table 3. Apart from the higher local symme- 
try of the {Rh(SCN),} unit in 5, most of the parameters consid- 
ered adopt very similar values. On the other hand, the frame- 
work structure of 5 involves strict coplanarity of each of the 
three /runs-oriented pairs of SCN ligands, while the [P(C,H,),]’ 
countercations of 9 apparently force all trans-NCS-Rh-SCN 
fragments to adopt dihedral angles markedly different from 0”. 
The structural parameters of the (Me,SnN,) units of 5 compare 
wcll with those of 4, for example (Table 3). 


Interestingly, experimental access to genuine salts 
A,[Rh(SCN),] (with all-S-bonded thiocyanate) is less straight- 
forward than that to  the new coordination polymers 
[(R,Sn),Rh(SCN),]. While for the preparation of the former 
considerable effort to separate the various linkage isomers 
[Rh(NCS),(SCN),_,13 + (e.g. by ion-exchange chromatogra- 
phy’”]) is inevitable, and severely reduces the yield of the de- 
sired isomer with n = 0, all coordination polymers can be ob- 
tained in yields of up to 90% without applying any separation 
technique. The most reasonable explanation of this result is that 
the initially hydrated Lewis acid R,Sn’ strongly facilitates the 


Table 3. Comparison of selected structural data (bond lengths in pm: bond angles 
in ”) for 5 and 9. 


Rh-Sl 
Kh S2 
s 1  C1 
s 2  c 2  
C I  N1 
C2-N2 


Sn -N 1 
Sn N 2  
Sll-CZ 
S n - C 4  
Sn C5  


241 9 (6) 
235.1 ( 5 )  
161.4(14) 


114(2) 
115(2) 


235(2) 
237.4(13) 
209(2) 


205(3) 


164 (2)  


21 1.5 (1 4) 


239.6(6) to 
234.8(5) [a] 
159(5) to 
166 (2) [a] 
l l l ( 2 )  to 
116 (2) [bl 


220(2) to 
253 (3) [a] 


Rh-S I-C 1 
Rh-S 2-C 2 
Sl-C1-N 1 
S 2-CZ-N2 


C I-N 1-Sn 
C 2-N 2-Sn 
N 1 -Sn-N 2 
C 3-Sn-C 4 
C3-Sn-C 5 
C4-Sn-C 5 
Nl-Sn-C3 
N I-Sn-C4 
N I-Sn-Cj 


109.9(6) 110.5(7) to 
106.8(5) 107.9(5) [a] 
174(2) 172(2) to 
178(2) 177.4(14) [b] 


179(2) 134(3) to 
172 (2) 172 (4) [a] 
175.5(6) 170(1) to 175(1) [c] 
125.0(10) 
1 18.3 (9) 
116.6(10) 
92.7(8) 
88.9(6) 
90.4 (8) 


[a] Six different values. [b] Five different values. [c] Three different values. 


conversion of all linkage isomers still involving Rh-N bonds 
into the all-(Rh-S)-containing [(SCN),I3- isomer, because all 
nitrogen ends of the NCS+ ions are efficiently captured by the 
likewise acidic but “harder” (than Rh3+)[ lo1 tin sites.r241 


Conclusion and Outlook 


The present contribution describes the first successful attempt to 
expand the spacer o f a  “super-PB” system from the now familiar 
pentaatomic {CN-M-NC) unit to  the notably longer, albeit 
nonlinear, heptaatomic {SCN-M-NCS) tether.[’” We consid- 
er the remarkably facile synthesis of the compounds 5-8, based 
upon the excellent nitrogen-acceptor role of the {R,Sn’) 
cation, as encouraging for diverse related future explorations. 
For instance, with appropriately chosen guest cations A’, novel 
host -guest systems of the type [(A’)(R,Sn),M“(SCN),1 might 
be designed wherein a sufficiently large guest cation (or “struc- 
ture director”) A’ would prevent interpenetration in the frame- 
work. One first example of a “super-PB” system hosting both a 
voluminous metal complex together with some benzene mole- 
cules has briefly been mentioned.[”] 


In view of the specific structural motif of 5, we wish to point 
out thal the number of interwoven frames based on octahedral 
centres (“a-polonium-type” structures) so far known is still very 
limited: of a total of seven examples reported so far,[3. 5 .  6, 2 0 + 2 2 1  


only three’” - ”I involve &reticulate lattices. 


Experimental Section 


General methods: Manipulation in an inert gas atmosphere was not necessary. 
lnfrarcd spectra were obtained on a Perkin Elmer IR-1720 spectrometer, and 
Raman spectra on a Jobin Yvon U-1000 instrument equipped with a 514 nm 
Ar lascr. CPMAS I3C solid-state NMR spectra were recorded on a Bruker 
MSL-300 spectrometer operatlng at  75.47 MHz, and X-ray powder diffrac- 
tograms on a Philips X’PERT instrument (Cu,, irradiation, Ni  filter). The 
crystallographic single-crystal X-ray study was carried out on a Syntex P2, 
four-circle diffractometer. Pyknometric density measurements were conduct- 
ed at  25‘C with 25 mL pyknometers (DIN 12797). freshly distilled dioxane 
and at least 0.7 g of the suspended samples per measurement. 


Preparation of tris(trimethyltin)hexakis(thiocyanato)rhodate(III) (5) : In a com- 
bination of procedures described in refs. [ I l l  and (231. a mixture of 
RhCI,.H,O (3.0g, 11.4mmol), KSCN (6.0g, 61.7mmol) and H,O (80mL) 
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was converted slowly, under continuous stirring at  tcinperatures around 
IOO-C, into a viscous crystalline paste. H,O (ca. 50 mL) was added and then 
cvaporatcd twice. The residue obtained after extraction with absolute EtOH, 
filtration and solvent evaporation was dissolved in an aqueous aolution of 
KSCN ( 1 . 5 ~ ,  210mL) while being stirred for 6 h at 60°C. This solution 
contained about 24.5 tng [(Rh(SCN),I3- per mL and was stored in a rcfrig- 
crator. To prepare 5,  a concentrated aqueous solution of of Me,SnCl 


dded to  15 m L  of the ahovc stock solution contain- 
ing about 367 ing (0.8 mmol) of [Rh(CN),]' . Each of the homologues 6-8 
of 5 was prepared correspondingly. The coordination polymer usually precip- 
itated in high yiclds as a red, polyci-ystalline material. Filtration, washing with 
a little H,O and drying in vacun led to analytically pure products. Yields 
of 5 -  8 (relative to [Rh(SCN),I3-): 85, 94, 87, 97%.  Compound 5,  
C, ,H,,N,S,Sn,Rh (942.77): calcd C 19.11, H 2.88, N 8.91, Sn 37.77; found 
C 19.10, H 2.64, N 8.00. Sn 37.46%. Compound 6, C,,H,,N,S,Sn,Rh 
(1068.8s): calcd C 26.96, H 24.24. N 7.86, Sn 33.31; found C 27.19, H 4.26 
N 7.42, Sn 35.50%. Compound 7, C,,H,,N,S,Sn,Rh (1195.01): calcd C 
33.16, H 5 31 N 7.03, Sn 29.80; found C 33.58, H 5.47, N 6.49, Sn 32.S8YU. 
Coinpound 8. C,,H,,N,S,Sn,Rh (1321.16): calcd C 38.18, H 6.17, N 6.36, 
Sn 26.95: found C 39.24. H 6.06, N 5.50. Sn 26.45%. 


X-ray crystallography: Small. red single crystals of 5 crystallized from the 
filtrate obtained after the work-up of thc main amount of 5 (see above) when 
it was kept for one month at  about 5 -C .  Crystal data for 5 :  
C,,H,,N,S,Sn,Rh, M ,  = 942.77 gmol-', rhombohedral, R3c (No. 161); 
u =  h = 1 3 . 4 4 1 ( 2 ) ~ 1 0 ~ ,  c = 30.557(6).102pm, 7 =120", V =  4780.8(14)x 
10' pm,, 2 = 6, pCaI, = 1.965 gcrn-, ( 1 1 ~ ~ ~ :  see Tablc 1). F(000) = 2700; 
T =  293 K, 20 range: 3.03 to 27.58". For R(int) = 0.0626, 2448 symmetry-in- 
dependent reflections (total: 2542) were collected; data/restraintsiparanie- 
tcrs: 2448/1/98, structure solution SHELXS, (SHELXTL PLUS (VMS),  
V4.2), refinement against lF21 with R I  = 0.0649 and w K 2  = 0.1428 ( Ib2c)  
(SHELXL-93); absorption correction by DIFABS (PLATON 94); 11 = 


3.24 mm-' ,  min./max. transmission = 0.63/1.293. Powder diagram simulat- 
ed with CERIUS 3.2 (MSI);  20 range 5 50'. Further details of thc cryatal 
structure investigation can hc obtained from the Fachinformations~entrum 
Karlsruhe. D-76344 Eggcnstcin-Leopoldshafen (Germany), on (I uoting t he  
depository number CSD-406417. 
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Electrochemically Induced Molecular Motions in Pseudorotaxanes : 
A Case of Dual-Mode (Oxidative and Reductive) Dethreading 


Masumi Asakawa, Peter R. Ashton, Vincenzo Balzani," Albert0 Credi, 
Gunter Mattersteig, Owen A. Matthews, Marco Montalti, Neil Spencer, 
J. Fraser Stoddart," and Margherita Venturi* 


Abstract: The electrochemical and spectroscopic properties of a pseudorotaxane 
formed in acekmitrile solution by self-assembly of a wii-e-type electron donor based on 
the tetrathiafulvalene unit and the cyclobis(paraquat-p-phenylene) tetracationic elec- 
tron acceptor have been investigated. We show that a) reversible dethreading/rethread- 
ing cycles of the pseudorotaxane can be performed by either oxidation and successive 
reduction of the clectron-donor wire or reduction and successive oxidation of the elec- 
tron-accepting tetracationic cyclophane, and b) because of this special behavior, the 
input (electrochemical)/output (absorption spectrum) characteristics of this molccular- 
level system correspond to those of an XNOR logic gate. 


Keywords 
cyclic voltammetry * logic gates 
molecular devices - pseudorotaxanes * 


spectroelectrochemistr y 


Introduction 


In  the last few years, it has been shown that it is possible to 
construct assemblics of molecular components designed to 
achieve specific functions (molecular-level devices) . [ l l  Particular 
attention has recently been paid to systems based on pseudoro- 
taxanes,['] ro taxane~, [~]  and ~ a t e n a n e s , [ ~ ]  in which the relative 
positions of the component parts can change as a result of somc 
external stimulus and so behave as molccular machines. Three 
types of energy can be used to make molecular machines work: 
chcmical 3 n ,  4df1 electrical energy,[2cf, 3a, 4abr' and 
light.['"'- 3h,  4c1 It has also been shown that suitably designed 
systems of this kind can perform complex logic 


Pseudorotaxanes, composed of a macrocyclic ring threaded 
over a wirelike component, are models of simple molecular ma- 
chines, since they can undergo threading/dethreading processes 
that recall the movement of a piston in a cylinder.['"] Here, we 
report the case of a pseudorotaxane (whose components are 
shown in Scheme 1) in which the dethreading/rethreading 
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movement can be achieved by either an oxidation-reduction or 
a reduction-oxidation cycle (Figure 1). We will also show that, 
because of this special behavior, the input (electrochemical), 
output (absorption spectrum) characteristics of this molecular- 
level system correspond to those of an XNOR logic gate. 


Results and Discussion 


1. Properties and self-assembly of the molecular components: 
The molecular components used in this work are shown in 
Scheme 1 .  The tetracationic cyclophane cyclobis(paraquat-p- 
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Figure 1. Schemacic rcpresentation of dethreading:rcthreadine of pseudorotaxane 
1 - 2  upon electrochemical reduction or oxidation. The absorption spectra before 
(center) and after reduction (bottom) or oxidation (top) are shown. 
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Scheme 1. Schematic representations or tetracationic cyclophanc 1 and polyethcr- 
substituted tetrathiafulvakne 2. 


phenylene) ( I ) ,  extensively used as a macrocyclic ring in pseu- 
dorotaxanes, rotaxanes, and catenanes,l5I exhibits clectron-ac- 
ceptor properties. The first and second reversiblc reduction pro- 
cesses of the two equivalent and noninteracting paraquat units 
of 1 occur (bielectronic a t  -0.28 and -0.72 V vs. 
SCE in acetonitrile solution[71 (Figure 2) .  The T T F  wire- 
type derivative 4,4(5')-bis[2-(2-(2-(2-hydroxyethoxy)ethoxy)- 
ethoxy)ethoxymethylene]tetrathiafulvalene (2) exhibits elec- 
tron-donating properties.['] In acetonitrile solution, 2 under- 
goes two successive reversible one-electron oxidation processes 
(Figure 2) .  The reduction potentials of the 22+/2+ and 2+/2 
couples are + 0.70 and + 0.35 V, respectively. We have investi- 
gated the adduct 1.3  as a model compound for the pseudorotax- 
ane 1.2, where the wire-type component 2, based on a TTF 
moiely, is replaced by the simple TTF unit 3. As is the case for 
2, 3 undergoes two successive reversible one-electron oxidation 
processes (+ 0.72 V for the 3 2 f / 3 +  couple and + 0.32 V for the 
3+/3 couple, Figure 2).19] 


Pseudorotaxane 1.2 and adduct 1.3, represented schematical- 
ly in Figure 1, result from a self-assembly process based on a n  
electron-donor -acceptor interaction between the TTF moiety 
and the paraquat units of the macrocyclic ring. Unequivocal 
evidence that the electron-rich T T F  unit is sandwiched between 
the electron-deficient paraquat units of the ring is given by 
NMR spectroscopy and, in the case of 1.3,  by X-ray crystallog- 
raphy."'] Several proton resonances in the 'H N M R  spectrum 
of an equimolar mixture of 1 and 2 (recorded in CD,CN at  
ambient temperature) undergo significant complexation-in- 
duced shifts, which are of a similar magnitude to those reported 
for the adduct 1.3 and are consistent with the proposed struc- 


Abstraet in Italian: In metonitrile, il mrrcrociclo tetrucationico 
ciclobis(paruyuat-p-fenilenr) contenente 2 unita elettron-mecet- 
trici ed un,jilo molecolare basato sull'unita elettron-donatrice te- 
trutiafulvulene si autou,ssernhlano con n o t o d e  eJficienzii per dare 
i l  corrispondente pseudorotassano, del quule sono presentate le 
proprietu spettroscopiche ed elettrochimiche. I yrocessi di 'sfila- 
mento" e "reinjilamento " dello pseudorotassano sono stuti otte- 
nuti in modo revevsibile mediunte ossidazione e successiva riduzio- 
ne dell'unitu tetratiqfulvulene inserita nel,fi'lo molecolare. oppure 
riduzione e succe.srivu ossiduzinnr deI,!e unitd rlttron-ncrPttri~i 
presenti nel macmciclo. In virtu di tule purticolarc compnrtanim- 
to, d. possibile stubilire un 'utzalogiu tru questo sisternu supramole- 
colare ed una portu logica XNO R. 


V vs SCE 
+ 0.8 + 0.4 -0.4 -0.8 


Figure 2 Cyclic voltammetric behavior of the examincd compounds (acctonitrile 
solutioii, potential values vs. SCE, scan irate SO iitvs- I). The rcduction wi~vcs l"x 
1.3 practically coincidc with those of 1.2.  The current inlcnslty has been corrccted 
to take into account differences in diffusion coefficients. 


ture. The presence of two diastei-oisomers (cis and truns) in 1.2 
is indicated by two distinct signals for the TTF-  CH protons, 
the methylene protons attached to the TTF core and the p- 
bipyridinium protons of the tetracationic cyclophane 1. Inti- 
mate association of 1 and 2 in solution is also confirmed by 2 D 
NOESY and 2D ROESY experiments (500 MHz, CD,CN, 
304 K ,  400 ms mixing time) which display crosspeaks between 
the OCH, protons of the threadlike component and the CH,Nf 
protons of the tetracationic cyclophane. Because of the electron- 
donor-acceptor interaction, a low-energy charge-transfer (CT) 
excited state i s  present, which i s  responsible for the weak and 
broad absorption band with 2,,, = 830 nm for 1.2  (Figure 1. 
central spectrum) and I,,, = 855  nm for 1.3. The association 
constants[''] for 1 . 2  and 1 . 3  are 5 x 1 0 4 ~ - '  and 1 x 1 0 4 ~ - ' ,  
respectively, indicating that the presence of the polyether chains 
strengthens the association by means of hydrogen bonds be- 
tween the oxygen atoms in the chains and the hydrogen atoms 
on the methylene groups !I to  the nitrogen atoms of the paraquat 
uni ts.['I 


2. Electrochemical behavior of the pseudorotaxane 1.2 and the 
adduct 1.3: In an acetonitrile solution containing 5.0 x IO-'M 1 
and 2, about 95 o/o of the two components are engaged in the 1 . 2  
pseudorotaxane structure. The cyclic voltammetric curves ob- 
tained for 1 . 2  show two reduction and two oxidation waves 
(Figure 2). The two reduction processes, which are reversible 
and bielectronic, can be assigned straightforwardly to reduction 
of the two equivalent paraquat units of the macrocyclic ring I .  
Compared with free 1 (Figure 2, right-hand side), the first pro- 
cess ( -  0.33 V)  is displaced to more negative potentials, whereas 
the second one (- 0.73 V) occurs practically a t  thc siinie poten- 
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tial. The displacement of the first reduction proccss is an expect- 
ed result, because the paraquat units in the pseudorotaxane are 
engaged in donor-acceptor interactions. The lack of displace- 
ment of the second reduction process can be taken as evidence 
that the pseudorotaxane structure is dethreaded fast (compared 
to the scan rate used, from 10 to 1000 mVs- I )  as a consequence 
of the first reduction (Figure 1). In the literature[4h, 6 ,  13. 141 


there is ample evidence that, when dethreading is prevented 
(e.g., in rotaxane and catenane structures), the potential of 
the second reduction process is also displaced compared with 
that of thc free component. It should also be noted that, since 
the dethreading process is very fast compared to the timescale of 
the electrochemical experiment evcn at the fastest scan rate 
used, it is not possible to obtain the potential value for the 
first reduction of the cyclophane 1 in the pseudorotaxane struc- 
ture. 


The two processes observed on oxidation of 1.2  (Figure 2, 
left-hand side) can be assigned to the two successive oxidations 
of the TTF unit of threaded 2. The first oxidation process for 
1 . 2  occurs at a much more positive potential than that of free 2, 
on account of the donor -acceptor interaction between the two 
components in the pseudorotaxanc structurc. Such an oxidation 
process, however, is affected by the scan rate. On increasing scan 
rate. the anodic pcak moves toward more positive potentials 
and the cathodic peak moves toward less positive potentials (at 
a scan rate of 10 mVs- I ,  E,, = + 0.63 V and E,, = + 0.46 V ;  a t  
a scan ratc of 1 Vs- ' ,  E,,,, = + 0.75 V and E,, = + 0.38 V) .  In 
principle, the lack of revcrsibility of the electrode process could 
be due to restricted access to the insidc TTF unit. This possibil- 
ity, however, can be ruled out considering the fully reversible 
behavior shown by the enclosed electroactive units of all the 
previously investigated rotaxanes and cat~nanes.[~'.  6. 13. 141 


Tlicrefore, the observed behavior indicates that the first oxida- 
tion process is followed by a reaction that occurs on the 
timescale of the electrochemical experiment. At high scan rates, 
E,, merges into the second oxidation wave, which is almost 
unaffected by the scan rate and occurs a t  a potential close to  that 
of free 2 (Figure 2). These results suggest that the reaction tak- 
ing place after thc first oxidation process is the dethreading of 
the pseudorotaxane. This interpretation is supported by the fact 
that the cathodic peak of the first oxidation process moves to- 
ward less positive potentials (i.e., toward the value of the reduc- 
tion pcak of free 2+)  with increasing scan rate.[151 


I n  order to elucidate still better the electrochemical behavior 
of 1.2 ,  we have investigated the electrochemical properties of 
adduct 1.3, which serves as a model for the pseudorotaxane. 
The adduct has two  reduction and two oxidation waves.r161 The 
reductive behavior is substantially the same as that observed for 
1.2 -reduction processes a t  -0.32 and -0.72 V; the displace- 
ment of the first reduction process, compared with free 1, indi- 
cates once again the presence of donor-acceptor interactions. 
The lack of displacement of the second reduction process shows 
that the adduct undergoes fast (compared to the scan rate used, 
from 10 to 1000 mVs-') disruption as a consequence of  the first 
reduction. 


Thc two processes observed on oxidation of 1.3 (Figure 2, 
IcFt-hand side) can be assigned to the two successive oxidations 
of the TTF unit. Both processes are fully reversible. The first one 
occurs at a more positivc potential ( +  0.39 V) than that of free 
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3, as expected because of thc donor-acceptor interaction be- 
tween the two components. The second oxidation process 
(+ 0.72 V) occurs a t  the same potential as that for free 3. These 
results show that one-electron oxidation cmses a very fast (com- 
pared with the scan rate used, from I0  to 1000 mVs- ' )  disrup- 
tion of the adduct, and successive one-electron reduction causes 
a very fast (compared again with the scan rate) back-formation 
of thc adduct. The much faster disruption and reassociation of 
1 .3  compared with dethreading and rethreading of 1 . 2  is not 
surprising because of thc more complex structure of the pseu- 
dorotaxane. 


3. Dual-mode dethreading/rethreading cycles of the pseudorotax- 
ane 1 .2:  The results obtained show that the dethreading, 
rethreading of pseudorotaxane 1 . 2  can be achieved by either a 
reduction-oxidation cycle of the electron-accepting macro- 
cyclic ring (Figure 1 ,  right, lower cycle) or a n  oxidatiowreduc- 
tion cycle of  the electron-donating wire-type component (Fig- 
ure 1, right, upper cycle). To our knowledge, this is the ,first 
example of such a dual-mode electrochewiically driven dethread- 
ing.jvethvearlin,:puocess. Interestingly, the results obtained at  dif- 
ferent scan rates show that the dethreadingjrethreading process- 
es arc faster in the reduction-oxidation than in the oxidation- 
rcduction cycle. This behavior is probably a result of th- '., ~' 


that the reduction of the macrocyclic ring affects both the 
donor-acceptor and hydrogen-bond interactions, whereas oxi- 
dation of the clectron-donor wire destroys only the donor ~ 


acceptor interaction. 
The dual-mode electrochemically driven dethreading; 


rethreading process of 1 . 2  is fully reversible, as evidenced by 
spectroelectrochemical experiments. As shown by the spectra 
displayed in Figure 1, exhaustive electrolysis a t  -0.3 V of an 
acetonitrile solution of 1 .2  caused thc disappearance of the 
charge-transfer band of the pseudorotaxane and the formation 
of the characteristic bands1'"] of the reduced cyclophane. This 
process resulted in a distinct color change from green to blue. 
Exhaustive reoxidation at  0 V led back quantitatively to thc 
original spectrum. Subsequent exhaustive electrolysis of the 
same solution at  + 0.5 V once again caused the disappearance 
of the charge-transfer band of the pseudorotaxane with forma- 
tion of the characteristic bands of the oxidized TTF moiety 
(color change froin green to brown) . I1  Exhaustive back reduc- 
tion at 0 V restored the original spectrum. 


It should also be noted that the dethreading/rethreading cy- 
cles of pseudorotaxane 1 .2  driven by electrochemical techniques 
could be effected, in principle, by any other redox-type input 
such as direct addition of redox reactants or photochemical 
generation of the reduced or oxidized forms of 1.2. 


4. Pseudorotaxane 1.2 as an XNOR logic gate: The design and 
construction of molecular-level systems capable of performing 
logic functions is a topic of great scientific interest."'. g. * '. ''1 


Molecular systems that can perform YES and NOT operations 
arc very A molecule that fluoresces (output) 
only in acid media (ix., in the prcsence of a proton input) acts 
as a YES gate. Conversely, a fluorescent molecule whose emis- 
sion (output) disappears under a proton input, can be regarded 
as  a NOT logic device. In order to  perform more complex logic 
operations, however, carefully designed multicomponent chem- 
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ical systems are needed. Examplcs of chemical systems capable 
of performing the AND and OR logic operations have been 
reported by de Silva and co -worke r~ , [~~]  and a pseudorotaxane 
in which the input (chemical)/output (fluorescence) characteris- 
tics correspond to those of an XOR (exclusive OR) logic gate 
has recently been described.L2s] The input/output characteristics 
of the 1 ' 2  pseudorotaxane studied in this paper correspond to 
those of an XNOR (eXcluswe NOR) logic gate.r20.2'1 The truth 
table of the XNOR logic operation is shown in Table 1. 


Table 1. Truth table of the XNOR logic operation. For more details, see text 


INPUTS 
N h 


OUTPU r 
< 


0 0 1 


0 1 0 
1 1 1 


1 0 0 


In the present system, the inputs a and h are the reduction and 
oxidation of 1.2 ,  respectively, and the output c is the charge- 
Lransfer absorption band of 1.2 with &,,, = 830 nin. Before re- 
ceiving any redox input, the system exhibits such an absorption 
band (Figure 1, central spectrum). In logic language, this system 
can be read as u=O, h=O, c-I (Tablc 1, first row). After the 
reduction process, the absorption band with A,,, = 830 nm is 
no longer present (Figure 1,  bottom spectrum) because the two 
components are dethreaded (a=l ,  b=O, CEO,  second row in 
Table 1). After the oxidation process, the absorption band with 
/-,,, = 830 nm has once again disappeared (Figure 1 ,  top spec- 
trum) because the two components are dethreaded (a=O, k 1, 
r -0,  third row in Table 1) .  In thc presence of both inputs 
(which can be seen as the simultaneous addition of a reductant 
and an oxidant in stoichiometric amounts), the band with 
A,,,, = 830nm is present (a=l ,  k l ,  ~ 1 ,  fourth row in 
Table 1 ) .  


Although the described system behaves as an  XNOR logic 
gate like an electric circuit that obeys the truth table shown in 
Table 1 ,  it should be pointed out that a comparison between the 
characteristics of two XNOR gates as different as a chemical 
system and an electric circuit should be made with great care. 
Under some aspects (e.g., extrapolation to real applications of 
the chemical systems), such a comparison could be inappropri- 
ate or misleading. 


It should also be noted that besides the absorption band with 
A,,, = 830 nm, whose presence or absence is related to the logic 
behavior already explained above, the reductive -oxidative and 
oxidative ~ reductive dethreading/rethreading cycles are charac- 
terized by other, distinct spectroscopic features (compare the 
spectra shown in Figure 1) that carry additional pieces of infor- 
mation useful for other purposes.["] 


Experimental Section 


Chemicals: Acetonitrile (MeCN) used as solvent was Romil High-Dry ". Cy- 
clohis(paraquat-p-phenylene) hexafluorophosphate salt (1) was prepared ac- 
cording to a previously described procedure.'"' Tetrathiafulvalene (TTF:  3) 
was a Fluka product and was used as received. 


1-(4-Toluenesulfonyl)-13-(tetrahydropyran-2-yl)-1,4,7,10,13-pentaoxatridec- 
ane (4): 3.4-Dihydro-2H-pyran (4.2 g, 50 mmol) and tetraethylmeglycol 
monotosylate (11.5 g, 33 mmol) were dissolved in dry CH,Clz (300 mL). To 
this solution was added pyridinium p-toluene sulfonate (PPTS) (50 mg. 
0.2 mmol) as a catalyst. The mixtiirc was refluxed for 1 h under N,  and  thcn 
stirred at room temperature under N, for 16 h. After a second refluxing for 
1 h and subsequent cooling the mixture was poured into a n  aqueous ammonia 
solution (0.33%. 150 mL). The organic layer was separated and the aqueous 
layer extracted with CH,CI, (4 x 100 mL).  The combined organic extracts 
were washed with water (4 x 100 mL), dried (MgSO,) and evaporated under 
reduced pressure. Prolonged drying on a vacuum line afforded the product as 
a yellow-orange oil (12.8g. 90?h). ' H N M R  (300 MHz. CDCI,, 29s K):  


4.10 (2H, AABB'), 3.85-3.75 (2H, in), 3.65-3.40 (14H. m) ,  2.40 (3H,  s).  
132-1.42 (6H. m); I3C N M R  (75 MHz, CDCI,. 298 K):  d = 144.8. 133.0. 
129.8, 128.0, 99.0, 72.5, 70.7, 70.5, 70.3,69.3, 68.7.66.7, 62.3, 61.7, 30.6, 25.4, 
21.6, 19.5; FABMS: m/z  = 455 [ M  + Na] ; HRMS (LSIMS): 
C,,H,,O,NaS: [A4 + Na]', calcd 455.1716. found 455.3725. 


4,4'(5')-Bis~2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy) ethoxymethyleneltetra- 
thiafulvalene (2): NaH (96 mg, 4.0 mmol) was added to a solution of 4.4(5')- 
bis(hydroxymethylene)tetrathiafulvalene (433 mg. 1.64 mniol) in 50 mL of 
dry. degassed (argon) T H E  The mixture was refluxed for 1 h under argon. 
Subsequently, a dry, degassed (argon) solution of the monotosylate 4 
(1728 mg, 4.0 mmol) in 25 mL of T H F  was added dropwise over 1 h to the 
stirred solution while this was refluxed under argon. After refluxing and 
stirring had been continued for a further 36 h. the reaction mixture WRS 


cooled to 10"C, and wet T H F  (50  mL) w idded with care. The solvents 
were removed under vacuum and the residue extracted into CH,CI, 
(100 inL). The organic layer was washed with saturated aqueous NaCl solu- 
tion (20 mL) and H,O (4 x 20 niL). and dried (MgSO,). After evaporation of 
the solvent in vacuo, the resulting oil was subjected to column chromatogra- 
phy (short column, SO,, CH,CI,/MeOH, 98:2) to  afford a crude product 
(yellow-brown oil), which was used for the next step without further purtfica- 
tion. For deprotection it was dissolved in ethanol (90%. 30mL).  and :I 


catalytic amount (50 mg) of p-TsOH was added. The reilction mixture was 
refluxed for 38 h under an argon atmosphere. The solution WHS coolcrl to 
room tcmpcrature and the solvent removed under rcdticcd presure. The 
residue was treated with CH,CI, (100 mL), washed with 10% aqueous HCI 
(10 mL) ,  10% aqueous NaOH, and finally with water ( 5  x 30 mL), and dried 
(MgSO,). Thc solvent was removed under vacuum and the residue subjected 
to column chromatography (SO, ,  CH,CI,/MeOH, 96:4) to afford the 
polyether-elongated TTF 2 as a yellow-brown oil (542 mg, 54%).  'H  NMR 
(300 MHz, CD,CN, 298 K): h = 6.39 (s, 2H),  4.26 (s. 4H).  3.60-3.40 (m, 
32H),2.82(m,2H);  "CNMR(75.1 MHz, CDC13,29X K ) : 6  =134.4, 134.3, 
116.3, 116.2, 110.4, 72.4, 70.5, 70.37, 70.2, 69.1, 68.0, 61.5, 56.0; FABMS: 
m / z  = 616 [MI' ; HRMS (LSIMS): C,,H,,O,,S,: [M ' 1 ,  calcd 616.1504, 
found 616.1513; C,,H,,O,,S,: calcd C 46.73, H 6.54. S 20.79; found C 
46.65. H 6.47, S 21.0. 


~ = 7 . 7 5 ( d , J = 8 . 5 M z , 2 H ) , 7 . 3 2 ( d , J = 8 . 5 F I ~ , 2 € ~ ) . 4 . 5 7 ( l ~ i . A A ' B B ' ) ,  


Pseudorotaxane 1.2.4PF6: An equimolar (25mM) mixture of the wire-type 
compound 2 and the tetracationic cyclophane 1 in CD,CN formed an in- 
tensely green solution. ' H N M R  (300 MHz. CD,CN, 298 K) :  6 = 9.05 (br, 
XH, a-bipyridinium CH) ,  7.90 (hr, 4H.  /j'-bipyridinium CH).  7.79 (br, 4H.  
fi-bipyridinium CH), 7.66 (s, 8H,  C,H,). 6.23 (s, 1 H, TTF CH), 6.07 (s, 
1H,TTF CH). 5.73 (br, SH,  C H I N i ) ,  4.20 (s, 2H,  TTF  CH,) ,  4.15 (s, 2H,  
TTF CH,), 3.90-3.30 (m, 16H, OCH,), 2.98-2.88 (m. 2H,  OH):  
FABMS: m/;=1717 [ M + H ] + ,  1571 [ M - P F G ] + ,  1426 [M-2PF6]+ :  
C,,H,2F,,N,0,$,P,: calcd C 41.97, H 4.23, N 3.26, S 7.47; found C 42.09, 
H 4.04, N 3.14, S 7.6. 


Apparatus and procedures: Absorption spectra were recorded with a Varian 
Cary 5 LJV/Vis/NIR spectrophotometer. All the experiments took place at 
room temperature. Electrochemical experiments were carried out in argon- 
purged acetonitrile solution with a Princeton Applied Research 273 multipur- 
pose instrument interfaced to a personal computer; cyclic voltammetry (CV) 
and differential pulse voltammetry (DPV) techniques were used. The working 
electrode was a glassy carbon electrode (0.08 cm', Amel): its surface was 
polished with a 0.05 mm alumina water slurry on a felt surface immediately 
prior to each use. The counterelectrode was a Pt wire and the reference 
electrode was a saturated calomel electrode (SCE) separated with a fine glass 
frit. Tetraethylammonium hexafluorophosphate (0.05 M) was added as sup- 
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porting electrolyte. Cyclic voltammograms were obtained a t  scan rates of 10. 
20. 50,200. 500, and 1000 mVsC'. DPV experiments were performed with B 


iciin rate of 20 mVs- I ,  a pulse hcight of 75 mV. and  ii duration of 40 nis. For  
reversible processes, the same halfwave potential values are obtained from thc 
DPV peaks and from an average of the cathodic and  anodic cyclic voltammet- 
ric peaks. Both CV and DPV techniques were used to measure the number of 
eschanged electrons in each redox process by applying the necessary corrcc- 
tioiis for the diffusion ~:ocfficients.'~'] To establish the reversibility of a pro- 
cess. we used the criteria of a )  separation of 60 mV hetwccn cathodic and 
anodic peaks, h) ratio close t o  unity of the inteiisitles of the cathodic and  
;medic currents, and cj constancy o f  the peak potential on changing sweep 
rdte in  the cyclic voltammograms. Spcctroelectrocliemical measurements 
were inade in a spectrophotometric cell with optical path 1 cm, using a Pt grid 
:is working electrode. a Pt wire sepai-ated with a t ine glass frit as counterelec- 
trodc, and an Ag!AgCI (Amel) reference electrode. Experimental errors: 
potential values. 2 10 niV; absorption inaxinia. + Z  nm:  binding constants. 
30 9;) . 
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Oxidative Nucleophilic Substitution of Hydrogen in Nitroarenes 
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Abstract: Carbanions of 2-phenylpropio- 
nitrile were found to  add to  nitroarenes 
in liquid ammonia to form o" adducts, 
which were oxidized with KMnO, to yield 
products of oxidative nucleophilic substi- 
tution of hydrogen (ONSH) in the posi- 
tion puru to the nitro group. Treatment of 
the carbanion-nitroarene system with 
methyl iodide at  -70°C indicated that 


the addition proceeds almost to comple- anions and mononitroarenes, has been 
tion. Thus, for the first time, the persis- demonstrated. It was also shown that 
tence of oH adducts, formed between free KMnO, oxidizes oH adducts t o  nitroben- 


zene faster than it does carbanions. This 
selective ONSH in the pami positions of 
nitroarenes is a general process. However, 
some substituents hinder or inhibit the ox-  
idation step. 


Keywords 
arenes * carbanions * nucleophilic 
aromatic substitutions * oxidations - 
reaction mechanisms 


Introduction 


The nucleophilic aromatic substitution of halogens or othcr nu- 
cleofugal groups in electrophilic arenes such as nitroarenes, pro- 
ceeding through the S,Ar addition-elimination mechanism, is 
of great practical value, and its mechanism has been thoroughly 
investigated."' 


Only recently it was recognized that parallel to this classical 
reaction there is a possibility of nucleophilic substitution of 
hydrogen and that this process can be the major reaction path- 
way.[2, 31 Moreover it was shown that the classical S,Ar of halo- 
gen is, in fact, a secondary process, preceded by a reversible 
addition of nucleophiles to  the ring carbon atoms bearing hy- 
drogen and formation of anionic oH adducts. These oH adducts 
can react further in a variety ofways, to give products of nucleo- 
philic substitution of hydrogen, or dissociate to the starting 
reagents when the former is not possible; formation of the iso- 
meric ox adducts can then take place and ultimately S,Ar sub- 
stitution of halogen.[31 


Amongst the many pathways available for the conversion of 
the oH adducts, the most obvious appears t o  be removal of the 
hydride anions by oxidation, which results in oxidative nucle- 
ophilic substitution of hydrogen (ONSH). Although many ex- 
amples of this transformation have been reported, it suffers 
from some limitations. The most important of these is the sensi- 
tivity of nucleophilic agents towards oxidation. This, in connec- 
tion with often unfavorable position of the addition equilibrium 
and hence low concentration of the 0" adducts and high concen- 
tration of the nucleophiles, leads to undesired oxidation of nu- 
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Institute of Organic Chemistry, Polish Academy of Sciences 
Kasprzaka 44/52, 01-224 Warsaw (Poland) 
Fax: Int. code +(48)22-632-6681 


cleophiles and suppression of the ONSH reaction. Also, an im- 
portant requirement for successful reaction is that the rate of 
oxidation of the oH adducts should be high; otherwise, compet- 
ing processes such as S,Ar of a leaving group or  single-electron 
transfer can dominate. We have formulated some guidelines 
concerning the nature of the nucleophiles, electrophilic arencs. 
and reaction conditions, designed to help predict the feasibility 
of the ONSH process for a given  system.["^'] For example, 
ONSH can proceed satisfactorily when nucleophiles, such as 
O H -  or NH,, are resistant towards oxidation, when the equi- 
librium of the nucleophilic addition is shifted towards the ad- 
ducts because of the high electrophilicity of the arene, o r  when 
specific features of the nucleophiles ensure that the oH adducts 
are present in high concentration. 


Results and Discussion 


Apart from adjusting the nature of the nucleophile and arene, as 
outlined in the Introduction, one might also expect that i t  
should be possible to find an oxidant that would oxidize the d' 
adduct faster than the nucleophile, in spite of generally high 
sensitivity of the latter towards oxidation. In our search for such 
an oxidant, we reasoned that electrostatic repulsion between 
anionic nucleophiles and anionic oxidants should decelerate the 
undesired oxidation of the former, and that the repulsion should 
be much weaker in the case of the anionic 0" adducts, in which 
the negative charge is highly delocalized. Thus, the latter should 
be oxidized more rapidly. 


It has been known for many years that KMnO, in liquid 
ammonia is a n  excellent oxidant for 0'' adducts formed by addi- 
tion of ammonia and amide anion to electrophilic arenes, partic- 
ularly heter~arenes.[~]  This oxidative variant of the Chichibabin 
reaction, introduced into organic synthesis by van der Plas. is a 
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general process of great practical value.[" Since KMnO, in liq- 
uid ammonia forms rather loose ion pairs, as d o  the sodium or 
potassium salts of carbanions, we expected that some highly 
nucleophilic carbanions could be indentified, which, although 
readily oxidized with oxygen, should be more resistant towards 
oxidation with KMnO, owing to electrostatic repulsion. In con- 
trast. the corresponding adducts should be rapidly oxidized 
with this oxidant. Indeed, as we reported in a preliminary com- 
munication, treatment of a mixture of 2-phenylpropionitrile 
carbanion ( I - )  and nitrobenzene (2a) in liquid ammonia with 
potassium permanganate leads to the ONSH product 3 a  in high 
yield (Scheme 


Further studies have shown that this process is general for 
nitrobenzene derivatives and proceeds selectively puru to the 
nitro group. Under optimized conditions (T  = - 70 " C ;  molar 
ratio 1 :Za:KMnO,, 1 : I  :0.75) yields of the ONSH product are 
usually excellent. Results of the ONSH reaction of 1 with a 
selection of nitroarenes are given in Table 1. In a series of exper- 


Abstract in Polish: Karhounion 2-JinZ.liipropionitr)~lu przylgczu 
sic 1.1' ciekljwi unzoniuku do nitro-trreniiw t ~ c ' o r z ~ c  addukty cH, 
ktbrc ulqrijg utlenirniu KMnO, tirwrzgc proriukty oksydatvwne- 
go ilL4kl&7fiht'eg# podstu,vieniu worloru I V  pozycji puru do grupy 
nitrowej. Dziulunieni jodkiem meiylu nu ukiuil: kurhounion-ni- 
trourcn isjkuzuno, I r  M I  - 70°C nu.rt<puje pruktycznie calkoivite 
p r q ~ l ~ c r e n i c ~  kurhoanionu do nitroarenu. Thk wigc p o  raz picvwsz)' 
ucio,t.odttliono, te udiiukiy cH karboanionh do mononitrourenciw 
mujq illugi c m s  ij,ciu. Wi!kazutzo rciwiie?, ie KMnO, M J  cieklyrn 
unmniuku utlmiu szybciqj uddukr rrH do nitrohenzenu niz kar- 
hounioii ora:, ir niektbre podstuwniki w piericieniu aromuty- 
c z n i v i  inhihujp procc..r utleniuniu udduktbw aH. 
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NH,liq. Ph 
PhCH(Me)CN + NaNH, G=-=--+ p C N N a +  (a) 


I - 70 'C Me 1- 


Ph CN 
1- + O N O ,  NH,liq. M e D N 0 ; N s '  (b) 


- 70 QC 
2a 12-a 


12-a + KMnO, NH,liq. P h m N 0 2  (C) 


Me 
3a 


Scheine 1 .  Oxjclafve nucleophilic substitution of hydrogen in nitrobenzene with 
KMnO, ;is the oxidant. 


Table 1. The ONSH reaction of 1- with a aelcction of nitroarrnes 2a-r  (see 
Scheme 1 ) 


Ph*N02 


X 
3a-r 


X Y Yield 12 [a] Product Yield [b] I' [c] 


H H 99 
2- F H 99 
3-F 14 99 
2-CI 1H 99 
3 - 0  H 97 
2-Br H 99 
3-13r H 95 
2- I H 9s 
3- I H 96 
3.1' 5-F 99 
2 0  5-CI 99 
3-Cl 5-CI 99 
2-Br 5-Br 99 
3-F 5-1 99 
2-Me0 H x2 
3-Me0 H 99 
3-CN H 99 


3a 
3 b  
3 c  
3 d  
3e 
3f 


3h 
3i 


3k 
31 
3m 
3n 


3g 


3j 


30 
3 P  
3r  


90 
61 
96 
78 
90 
84 
7x 
85 
4 1  
61 
46 
traces 
33 
9 


63 
68 
67 


0.91 
0.62 
0.07 
0.79 
0.93 
0.85 
0 82 
0.87 
0.49 
0.62 
0.47 
0.01 
0.33 
0 09 
0.77 
0.69 
0.68 


[it] Percentage estimated by reaction with Me1 according 10 Scheme 2. reaction c. 
[b] Yields ("A) are of isolated products, except 31; when the yield o f3  was low (e.g 
31. 3n), 1 and the nitroarene were recovered: in all casez, over 90% of the starling 
matcrial was accounted for. [c] r = yicld of 3lpercentage 12-  formed. 


iments it was shown that 0.75 equiv of oxidant is sufficient; 
nevertheless, the rcsults reported in Table I were obtained for 
the ratio 1 : 1 : 1. Although it has already been reported that such 
carbanions react with nitrobenzene to give ONSH products in 
moderate yields even in the absence of an external oxidant,f61 the 
rate of this spontaneous oxidation reaction is much slower. Un- 
der the conditions (i.e. temperature, solvent, and reaction time) 
used in this paper, the conversion without added KMnO, was 
negligiblc (below 1 - 2 %). 


We decided to carry out a series of experiments with nitroben- 
zene, in order to verify our hypothesis concerning the the rela- 
tive rates of oxidation of the nucleophile and the 0'' adduct and 
to investigate further specific features of this reaction. The re- 
sults are presented in Scheme 2. The notation A + (B + C) indi- 
cates that reagent A was added to a mixture of B + C  two min- 
utes after B and C had been mixed. 


On the basis of reaction a in Scheme 2 (reaction 2a), we can 
conclude that oxidation of carbanions 1 - with potassium per- 


2026 ___ ( '  WILEY-VCH Verlag GmbH, D-69451 Wcinheim, 1997 0947-6539~97/0312-2026 $ 17.50f 50,O Clieni. Eur. .I 1997. 3, No. 1 1  







2025-2031 


G M e  + 1 (a) 1- + KMnO, -700C,2min, PhCOMe + Me 
NH,liq. 


then NH,CI CNCN 
4 (20 %) 5(80%)  traces 


NH,liq. 


then NH,CI 
1- + (2a + KMnO,) -700C,2min.- 3a(10%) + 4 ( 1 8 % )  + 5 ( 6 5 % )  (b) 


PhC(Me),CN 
NH,liq. 


then NH,CI 6 (98 %) 
'- + -7OOC, 2 min.) 


1(99%) + 6(1  %) (d) 
NH,liq. 
-70 oC. 2 min.* 
then NH,CI 


Me1 + (1- + Za) 


0.7 mol of 1 + 0.9 mol of 3a 
(9) 


1 mol of KMnO, + 


(2 mole of 1- + 1 mol of Za) 


NH,liq. 
-70 
then NH,CI 


+ 0.4 mol O f  (4 and 5) 


Scheme 2. Mechanistic investigations of the reaction shown in Scheme 1 (in reactions b, d, e, and g, the 
percentage of recovered Za is omitted for clarity; see Experimental Section for details). 


manganate in liquid ammonia is a fast process, producing ace- 
tophenone (4) and the dimerization product 5 in a ratio of ap- 
proximately 1 :4. Indeed, reaction 2 b shows that it proceeds 
faster than the addition of 1 - to  2 a:  when 1 - was added to  an 
equimolar mixture of nitrobenzene and KMnO,, the major pro- 
cess was oxidation of the carbanion to give 4 and 5 ,  and only 
small amounts of 3a and therefore the 0" adduct were formed. 
The high rate of oxidation of the carbanion and very efficient 
oxidation of the o" adduct when 1 -  and 2a  were mixed in 
advance (Scheme 1 )  suggest that equilibrium 1 b is shifted to the 
right and that the oH adduct 12-a is present in high concentra- 
tion. Looking for an independent method of confirming the 
high oH adduct concentration, we chose to  add Me1 to  the 
mixture, since this reagent reacts rapidly with the carbanion but 
not with the 0'' adduct. Reaction 2 c  was first used to show that 
the methylation of 1 - proceeds rapidly and quantitatively under 
the standard conditions. However, when Me1 was added to  an 
equimolar mixture of 1- and 2a only 1 % of the carbanion was 
alkylated, and the starting nitrile was recovered almost quanti- 
tatively upon quenching with NH,CI (reaction 2d). This indi- 
cates that most of the carbanion in the equilibrated reaction 
mixture was reversibly bound by nitrobenzene, obviously in the 
form of the o" adduct. Variation of the ratio 1-  and 2a  in 
reaction 2 d  and also of the reaction time confirmed that ni- 
trobenzene does not inhibit the alkylation; it simply reversibly 
adds close to an equimolar amount of the carbanion. Reac- 
tion 2 e  shows that the methylation of 1 - with Me1 and its addi- 
tion to nitrobenzene occur a t  similar rates. Reaction 2f indicates 
that oxidation of I -  proceeds faster than its alkylation: when 
1 -  was added to an equimolar mixture of Me1 and KMnO, the 


dominant process was oxidation of the carbanion 
to give 4 and 5 ,  whereas alkylation of 1 -  was 
much more slower. Thus, for the first time it has 
been unambiguously shown that 0'' adducts, 
formed from relatively free anionic species (i.e. 
loose ion pairs) and mononitroarenes. are present 
in high concentration in a highly polar solvent. 


A further important question concerns the rel- 
ative rates of oxidation of 1 ~ and 0'' adduct 
12-a  with KMnO,. According to our initial hy- 
pothesis the oxidation of 1 - with anionic oxidant 
MnO, should be somewhat hindcred by electro- 
static repulsion, and the 0'' adduct, in which thc 
negative charge is highly delocalized, should be 
oxidized faster. This hypothesis appears doubtful 
in the light of the high rate of the carbanion oxi- 
dation (reaction 2 b). Nevertheless, results of the 
experiments presented in equation 2g confirm 
this hypothesis. Here, a mixturc of 2 niol of 1 -  
and 1 mol of 2a was prepared. Given the practi- 
cally complete conversion of 1 -  and 2a into 
12-a when present in equimolar amounts in the 
equilibrated system (reaction 2 d), there should 
be practically equal concentrations of I - and 0'' 


adduct 12-a  in the above mixture. Upon addi- 
tion of less than 1 mol of KMnO,, a substantial 
amount of 3a was formed. This result indicates 
that oxidation of oH adduct proceeds faster than 
that of I - .  Thus, our initial hypothesis that 


KMnO, should oxidize 12-a faster than 1 - is correct, although 
there is n o  doubt that the high concentration of 12-a in this 
system is the major factor responsible for the successful ONSH 
reaction. 


There are numerous reports on the oxidation of carbanion- 
nitroarene oH adducts in which the oxidation agent was oxy- 
gen'', 71 or was not unambigously identilied.L8l It appears that 
oxidation with oxygen proceeds particularly well for oH adducts 
of secondary carbanions in the presence of an excess of base. 
This suggests that the species actually being oxidized are the 
dianions produced by deprotonation of the 0'' ad duct^.['"^ We 
attempted to  achieve ONSH in nitrobenzene with 1 using oxy- 
gen as the oxidant (Scheme 3). The oxidation of the o" adduct 
12-a  with oxygen was found to be slow (reaction 3 a). and the 
oxidation of the carbanion 1 - fast (reaction 3 b). It should be 
also noted that oxidation of 1- with oxygen (reaction 3b) and 
KMnO, (reaction 2a)  gave different ratios of the oxidation 
products 4 and 5 .  


The ONSH reaction of nitrobenzene with 1-  and KMnO, 
was successfully extended to a variety of substituted nitroben- 
zene derivatives. The results of these experiments, carried out 


NH,liq. 
(1- + za) + 0, -700C,2min- 1 2a 3a + 4 (a) 


then NH,CI 73% 91 % 8 % 16 % 


1 + 4 + 5  (b) 
NH,liq. 


then NH,CI 
I- + ' 2  -7ooc.2 rnin.) 


2 %  7 4 %  2 4 %  


Scheme 3. Attempted oxidative nucleophilic substitution of hydrogen i n  nitroben- 
zene with oxygen as the oxidant 
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ONSH product divided by amount of gH adduct 
determined by reaction with Me1 (Table 1).  Values 
of I* close to 1 indicate an effective oxidation; lower 
values indicate that the substituents a t  the aromatic ring inhibit 
the oxidation. This inhibitory effect, particularly in the case of 
the nitrobenzenes with 3-1, 3,S-C1,, and 3-1,5-F substituents (2i, 
2 I,  2 n etc.), appears to be steric in origin. Electronic effects can 
apparently be excluded, becausc the presence of one CI sub- 
stitucnt in the ring does not affect the oxidation process of the 
corresponding 0'' adducts (r(2-CI) = 0.79, v(3-Cl) = 0.93); 
thus, the clcctronic effect of the second C1 should also be negli- 
gible. 


A very important fcaturc of the reaction described here is its 
p i n i  selectivity. 111 all the nitrobenzene derivatives studied 
(Table I ) ,  we did not observe any formation of the  ortho ONSH 
products. Morcovcr, when nitrobenzene derivatives containing 
substituents in the puru positions were used (e.g. p-chloroni- 
trobenLene and p-nitrobiphenyl) , no ONSH products wcrc 
formed under the standard conditions; the nitroarene was re- 
covered and the carbanion oxidized according to rcaction 2 a .  In 
p-chloronitrobenzene, the S,Ar substitution of the halogen was 
observed to a small extent. On the other hand, this was the 
major process with p-fluoronitrobenzene. This selective para 
substitution and the absence of ONSH products in the ortho 
position can be rationalized by steric hindrance in the addition 
of the bulky, tertiary carbanions at  the ortho position and steric 
as well a s  electrostatic hindrance in the oxidation of the ortlio oH 
adduct. 


The reaction with Me1 provides important information about 
the equilibrium in Scheme 1 and about the presence of the d' 
adducts. However, it is only an indirect indicator, measuring the 
amount of free carbanion 1 - in thc rcaction mixture; the re- 
maining 1 - is assumed to have formed the G~ adduct. An inde- 
pendent. direct measure of the 0'' adduct concentration, based 
on its reaction with an electrophilc, would be of great interest. 
Moreover. such a reaction could also be of substantial value in 
synthesis. Trimethylsilyl chloride was expected to be a suitable 
electrophile, because of its "oxygenophilicity" ; however, for ob- 


under the standard conditions, are presented in Table 1. AI- 
though the ONSH rcaction of I with a variety of nitroarenes 
usuully gave the corresponding products 3a-r in  high yields, 
there were some nitroarenes that did not react satisfactorily. It 
was important to learn which step of this process was responsi- 
ble for the low yields of the ONSH products in these cases. In 
order to answer this question we estimated the concentration of 
the corresponding oH adducts 12- by means of the reaction 
with Me1 (see equation 2d) .  Usually a high concentration of the 
GI' adducts resulted in high yields of the ONSH products. There 
were, however, a few cases where yields of the ONSH products 
wcrc low in spite of practically quantitative conversion of the 
carbanion and nitroarene into 0'' adducts. This can undoubted- 
ly be explained by the substituents in the aromatic rings hinder- 
ing the oxidation, but not the addition process. 


This lack of correlation between formation of the 
d' adducts and yields of the ONSH products should Me Ph Me Ph 


provide some information concerning the parame- Q THFIDMFc 'GCN MeSiCl 'GCN 
ters affecting the oxidation process. For a simpler 
analysis of this correlation, we used a semiquantita- 
tive coefficient r. which is defined as the yield of 


vious reiisons it is not compatible with liquid ammonia. There- 
fore, the reaction of 12-a with Me,SiCI was attempted in a 
T H F / D M F  mixture at -70°C. It was first shown that 1- gen- 
erated under these conditions reacted almost quantitatively with 
methyl iodide. The methylation could thercfore be used in this 
solvent too to  measure the extent of oH adduct formation. Thus, 
nitrobenzene (2a) was added to a solution of I -  in T H F / D M F  
at - 70 ~ ' C ;  inethylation of 1 - in this reaction mixture occurred 
to a negligible extent, indicating high conversion of 1 into the 
0" adduct 12-a. Addition of Me,SiCI to the system 1 ~ and 2a 
in T H F / D M F  at -70 "C resulted in a light green coloration of 
the mixture, indicating formation of a nitroso compound. In- 
deed standard workup gave 7 a  in high yield (Scheme 4). The 
probable reaction pathway is shown in Scheme 4. 


Ph 


mF I I  - L - 1  I - 70 OC 
1- + 


NO 


l a  
NO2 
2a 12-a 


-&\ OSiMe, 
N 0; 


Scheme 4 Reaction of 1 2 ~  a with (CH,),SiCI 


The formation of substituted nitroso compounds by silylation 
of the 12-  G" adducts seems to be a general method for detect- 
ing nitroarenes entering the ONSH process. The procedure was 
succesfully tested on three nitroarenes 2a, 2e, and 2j, but failed 
for 2 1. In thc case of 2 a, 2e, and 2j, the starting nitroarenes were 
almosl completely consumed. However, the resulting nitro- 
soarcnes wcrc of limited stability and underwent partial or com- 
plete disproportionation during isolation and purification, to 
form the corresponding nitroarenes and azoxy compounds 
(Scheme 5 ) .  


Scheme 5 Disproportionation of nitrosoarenes 22. 2e. and Zj .  


Only in two cases (7a, 7e) were we able to  isolate the nitroso 
compounds and characterize them partially by means of ''N 
NMR and mass spectrometry. 3,5-Dichloronitrobenzene (21) 
did not show any reaction. When wc used highly electrophilic 
3,5-difluoronitrobenzene (2j), decomposition of the nitroso 
compound was so fast that the only products isolated after 
workup were 3j and 8j. 


As already mentioned, some oH adducts resist oxidation with 
KMnO, in liquid ammonia, although they are formed practical- 
ly quantitatively, as indicated by tests with MeI; for example, 
the value of r for 3,5-dichloronitrobenzene (31) is 0.01. The 
reasons for this behavior are not yet clear. Attempts to  con- 
vert this adduct into the nitroso compound by reaction with 
Me,SiCI in THF/DMF mixture also failed. It is known that 
some nucleophile-nitroarene 0'' adducts can be oxidized by 
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addition of bromine followed by elimination of HBr.lgl We ex- 
amined this method of oxidation for the oH adducts of I - with 
2a, 2i, and 21. For obvious reasons, this reaction could not be 
conducted in liquid ammonia. It was therefore attempted in 
THF/DMF at  -70°C.  The yields obtained were good for 2a 
(79%) and satisfactory for 2i (37%). In  the case of 21 this 
reaction was unsuccessful-the nitro compound and 1 were re- 
generated practically quantitatively. Taking into account that 
the G~ adducts of these nitroarenes are generated almost quan- 
titatively, as dctcnnined by the reaction with MeI, the sub- 
stituents in the aromalic ring apparently hinder the oxidation 
process. 


It should be stressed that the failure of the ONSH of 21 with 
KMnO, and Br, as oxidants and also the failure of silylation of 
12-1 are due to the resistance of this 0" adduct towards reaction 
with these reagents. Complete addition of 1- to 21 giving 12-1 
has been confirmed by the methylation test and supported by 
full recovery of 1 upon quenching of the reaction mixtures after 
treatment of 12-1 with KMnO, in liquid ammonia and bromine 
or Me,SiCI in THFiDMF. Free or weakly associated 1- would 
have reacted rapidly with these reagents. 


Experimental Section 


General: Melting points arc uncorrected. Infrared spectra were recorded on 
a Pcrkin Elmer 1640 spectrophotometcr. Elemental analyses were performcd 
by the Microanalysis Laboratory of IChO PAN. High-resolution El mass 
spcctra wcrc ohtaincd on an AMD604 mass spectrometer. 'H NMR spectra 
wcrc recorded on a Varian Gemini (200 MHz) spectrometer with eithcr the 
solvent 1-derencc or TMS as internal standards. '"N NMR were recorded on 
a Hruker AMKS (500 MHz) spectromcter. GC analyses were carried out o n  
a Shimadxu GC-14A instrument with a fused silica capillary column 
(0.25 mm x 25 m, SE-52-DF-0.25 pcrmabond). Thin-layer chromatography 
(TLC) was carried out on aluminum sheets precoatcd with silica gel 60F  
(Merck 5554). The plates were inspected hy U V  light. Column chromatogra- 
phy was carried out on silica gel 60F  (Merck, 230-400 mesh). Chemicals 
were commercial from either Aldrich or Fluka and used as received with the 
exception of 3,5-dichloronitrobenrene, which was prepared from 2.6- 
dichloro-4-1iitroanilinc.~~~~ Solvents were dried (DMF with CaH,, T H F  with 
sodium benxophenone ketyl) according to procedures described in the litera- 
tni-e.L'll All reactions were conducted under argon. The yields arc of isolated 
products without optimization. 


1) General Procedure for ONSH in Nitroarenes 2a-r: 2-Phcnylpropionitrile 
( I )  (I07 mg, 1.5 mmol) was addcd dropwise, within 30 s to a suspension of 
sodium ainidc freshly prepared from sodium (38 mg, 1 .65 mind)  In liquid 
ammonia (ca. 25 mL) a1 --70 C. After one minute nitroarenc 2a-r 
(2.5 mmol) dissolved in D M F  (1 mL) was added dropwise at  such it irate that 
the temperalurc did not exceed - 70 "C .  The reaction mixture was stirred for 
2 min, after which time solid potassium permanganate (237 mg, 1.5 mmol) 
was added in one portion. 'The reactioii mixture was stirred for 2 min and 
quenched with solid ammonium chloride (803 mg, 15  mmol). The aniinonia 
was evaporated. Extraction with CH,CIZ. washing with water and brine, 
drying with MgSO,, and chromatography yielded thc crude product. which 
was recrystallized rrom EtOtl  affording the pure nitro compound 3a-r. 


3 a :  M.p. 78 79 C (Lit. 76 C);"' ' H N M K  (200 MHz. [DJacetone. 25"C,  
TMS): B = 2.22 (s. 3 H ;  CH,). 7.33-7.54 (m. 5 H ;  Ph), 7.75 (m. 2 H :  AA' of 
AA'XX' system), 8.29 (tn, 2 H :  XX'  of AA'XX' system): IR (KBr): G = 2238 
(CN), 1522 and 1348 cm- '  (NO,); MS (70 cV, El) :  F J I / Z  ( O h ) :  252 ( 5 3 )  [A4 ' 1 .  


C,,Hl,NZ0,(252.27):calcdC71.42.H4.79, N 11.10;foundC71.37.H4.65, 
N 11.02. 


3b: Oil; ' H N M R  (200MHz, [DJDMSO. 25'C,  TMS): B = 2.18 (s, 3 H ;  
CH,),7.36-7.49(m,SH;Ph),7.45-7.52(ddd, ,J(H.H) = 2.1 Hz, './(F,H) = 


237(100)1M'  -CH3] ,206(4 ) [Mt  - N 0 2 j , 1 9 1 ( 4 3 ) [ M +  -NO, -Cl13]; 


1.0Hz,lH;H-9),7.68(dd,3.I(F.H)=12.4Hz,4/(H.H)=2.1 H r . I H ; H - 5 ) .  
8.22 ( t .  "J(F%H) = 8 H7, I H ;  H-8); 1R (Nujol): = 2239 (C"). 1538 and 
1346cm-' (NO,); MS (70eV. El): m:z ("A): 270 ( 5 3 )  [ M ' ] .  255 (100) 
[ M +  - CH,], 224 ( 5 )  [C, ,H, ,N,F:] ,  209 (73) [C,,H,N,F:]; 
C,,H,,N,O,F, (270.26): calcd C 66.66, H 4.10, N 10.37; found C 66.64. H 
4.03. N 10.34. 


3c:  Oil; ' H N M R  (200 MHz, [DJacetone, 25 'C. TMS): d = 2.24 (s. 3 H :  
CH,). 7.35-7.47 (m, 5H: Ph), 7.96~-8.06 (9, ',/(H,H) = 8.6 Hz. 'J(F,H) = 


8 Hz. t H; H-Y), 8.01 --8.09 (dd, 'J(F,H) = 10.9 HL, 'J(H,H) = 2.3 Hr.. 1 H;  
H-6), 8.21-8.28 (ddd, ,J(H,H) = 8.6 Hr,  'J(H,H) = 2.3 Hr. 'J(F.H) = 


1.0 H7, 1 H ;  H-8); IR (Nujol): C = 2241 (CN). 1532 and 1353 cni (NO,), 
MS (70eV, EI): nzjr (Oh): 270 (53) [ M  ' I .  255 (100) [ M i  - CH,]. 224 (7) 
[ C , , H , , N , F ~ ] ,  209 (39) [C,,H,N,F;]: C , , H l , N 2 O L F ,  (270.26): calcd C 
66.66, H 4.10, N 10.37; found C 66.59, H 4.04. N 10.31. 


3 d :  M.p. 49-51 'C (Lit. 51 "C);['l ' H N M R  (200 MHz. [D,]acetone. 25 'C. 
TMS): 0 = 2.24(s. 3 H ;  CH,), 7.35-7.58 (in, 5 H ;  Ph).  7.67 (dd. "J(H.tI) = 


X.10 (d. ,.J(H,H) = 8.4 H a ,  1 H;  H-8): IR (KBr): i = 2240 (CN).  1525 and 
1345cm-' (NO,); MS (70eV, El): ~ 1 1 , ~  (%): 286 (57) [M+] .  271 (97) 
[M' - CHJ ,  225 (18) [ M +  - CH, - NO,], 190 (100) [C',,H,N:]. 
C,,H,,N,O,CI, (286.74): c:llcd C 62.93, H 3.88. N 9.79. Cl 12.22; found C 
62.X3, H 3.69, N 9.79, CI 12.39. 


3e:  M.p. 89 -90 C (Lit. 92 '" ' H  NMR (200 MH7, [D,]acetonc. 25 C, 
TMS): 6 = 2.24 (s, 3 H ;  CH,). 7.26-7.46 (m. 5 H ;  Ph), 8.19 ((1. ZJ(H.H) = 


8.8 Hz. ,J(H.H) = 2.4Hz. 1 H ;  H-8); TR (KBr): C = 2240 (CN). 1517 and 
1348 e n - '  (NO,): MS (70eV, El): n z ; ~  (%): 286 (82) [,2.1+], 271 (100) 


(286.74): calcd C 62.93, H 3.88, N 9.79, CI 12.22; found C 62.84. H 3.79. N 


~ . ~ H Z , ~ J ( H , H ) = I . ~ H ~ ,  l H , H - 9 ) , 7 . 7 6 ( d , ' J ( H , H ) = 1 . 9 H ~ .  1 H ;  H-5). 


8.8Hz,IH;H-9),8.28(d,,J(H,H) = 2 . 4 H z , l H ; H - 6 ) , 8 . 3 8 ( d d . ' ~ ( H . H ) =  


[M' - CHJ,  251 (57) [M'  - Cl]. 190 (93) [C,,H,N:]: C,,H,,N,O,CI, 


9.86. CI 12-08. 


3f: M p. 82-84°C (Lit. 8 5 " C ) ; [ " ]  'H NMR (200 MHz, [I),jacctonc. 25 C. 
TMS): ~7 = 2.25 (s, 3 H ;  CH,). 7.36-7.58 (m. 5 H ;  Pli), 7.71 (dd, .'J(H.H) = 
8.5 Hz. ,J(H,H) = 2.1 Hz, 1 H :  H-9), 7.92 (d. "J(H,H) = 2.1 Hz, 1 H .  H-5). 
8.04 (d. 'J(H,H) = 8.5 Hz, 1 H ;  H-8): IR ( K B r ) :  7 = 2242 ( C N ) .  1523 Lurid 
1342cm-' (NO,);MS(70eV. EI):~ii /z( 'h):  332(37)and 330(37)[M.']. 317 
(61) and 315 (61) [M' - CH,], 236 (57) [Mt - CH, - Br]. I00 (100) 
[C,,H,N;I: C, ,H, ,N20,Br,  (331.17): calcd C 54.40, H 3.35, N 8.46. Rr 
24.13; found C 54.41, H 3.19. N 8.43, Br 24.04. 


3 g :  M.p. 1 1  1 112'  C ;  'H NMR (200 MHz, [D,]acetone. 25 'C, TMS). 
6 = 2 26 (s. 3 H ;  CH,), 7.21-7.48 (m, 5 H ;  Ph), 8.17 (d. 'J(H,H) = 8.8 Hz. 
1 H ;  H-Y), 8.46 (dd, 'J(H,H) = 8.8 Hz, ,J(H,H) = 2.5 Hz. 1 H ;  tl-8). 8.76 (d. 
"J(H.H) = 2.5 Hz. 1 H;  H-6); 1R (KBr) :  i = 2238 (CN). 1526 and 1346 c m - '  
(NO,) :  MS (70cV, EI): n7)z (YO): 332 (72) and 330 (73) [.2f+]. 317 (28) and 
315 (28) [ M i  ~ CH,]. 251 (90) [M' - Br]. 236 ( 6 5 )  [ M a  - CH,' - Br]. 205 
(X6) [M' - Br-NOJ, 190 (20) [ C , , H , N ~ ] : C , ~ H , , N ~ O , B r l  (331.17): calcd 
C 54.40, H 3.35,  N 8.46, Br 24.13; found C 54.49, H 3.27, N X.42, Br 24.25. 


' H N M R  (200 MHz, [D,]acetonc. 25 C, TMS): 
6 = 2.23 (s. 3 H ;  CH,), 7.35-7.58 (ni. 5H:  Ph), 7.71 (dd, 'J(H,H) = 8.5 H T ~  
,.I(H.H) = 2.1 HZ, 1 H ;  H-9), 7.98 (d. ,J(H.H) = 2.1 Hz. 1 H :  t.1-5). 8.16 (d. 
".I(H,H) = 8.5 Hz, 1 H ;  H-8); IR (KBr): ? = 2244(CN), 1522 and 1340 cln I 


( 5 )  [C,,H,N,Of]. 190 (37) [C,,H,N;]; C1,H,,N,O,I, (378.17): calcd C 
47.64. H 2.93. N 7.41. 133.56, found C 47.83. H 2.86. N 7.36. 133.42. 


3i:  M.p. 117 - 118 C: ' H  NMR (200 MHr,  [DJacetone, 25 C. TMS): 0 = 


2 . 2 h ( s , 3 H ; C H 3 ) , 7 2 1  7 .48 (m,5H:P l i ) ,X . l7 (d , -~J (H ,H)=X.8 f l z ,  1 H ;  


'J(I1,H) = 2.5 HI, 1 H ;  H-6); IR (KBr): S = 2238 (CN),  1523 and 1349 cm ' 


[M' - I - CH,]. 205 (72) [ M +  - 1 - NO,], I90 ( 5 6 )  [C,,H,N:j: 
C, ,H, ,N,O,I ,  (378.17): calcd C 47.64, H 2.93, N 7.41. I 33.56; lound C 
47 .W H 2.88, N 7.40, 133.66. 


(NO,); MS (70 eV, EI): n?,'- (@A,): 378 (100) [M '1. 363 (76) [ M  - CH,,]. 237 


H-9). 8.46 (dd, .'.I(H,H) = 8.8 Hz. ,.I(H,H) = 2.5 Hz, 1 H: H-X), 8.76 (d. 


(NO>);  M S ( ~ O ~ V , E I ) : , ~ ~ ! ~ ( O / ~ ) :  378(1011)[~+1,251 ( 7 6 ) [ ~ +  - 11,236(18) 


3j: Oil; ' H N M R  (200 MHr, [D,]acetone, 25 'C .  TMS): ii = 2.30 ([. 
,J(F,H) = 3.0Hz. 3 H ;  CH,). 7.34-7.54 (m. 5 H ;  Ph).  8.01 (m. 2 H ;  AA' 01' 
AA'XX' system); 1R (KBr):  V = 2243 (C"), 1538 and 1351 cm (NOZ);  MS 
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(70eV. EI): 1 7 7 / 3  (YO): 288 (100) [M'], 273 (100) [M' - CH,]. 242 (6) 
[ M a  - NO2]. 227 (20) [Cl,H7NIF:], 215 (6) [C,,H,F:]; C l sHloN,02F2  
(288.25): calcd C 62.50, H 3.50, N 9.72; found C 62. 36, H 3.28, N 9.68. 


3k:  M.p. 145- 147 'C ;  ' H N M R  (200 MHz, [D,]acetone, 25°C. TMS): b = 
2.27 (s. 3 H ;  CH,), 7.32-7.49 (m- 5 H ;  Ph). 8.18 (s. 1 H ;  H-9). 8.19 (s, 1 H ;  
ti-6);lR(KBr):G=2240(CN),1521 and1349cm- '  (N02);MS(70eV.EI) :  
177 : (%): 320 (65) [M'], 305 (41) [Mt - CH,], 285 (100) [ M i  - CI], 239 
(29) [M'  - C1 -NO2],  224 (78) [C,,H,N,CI:]; C l sHloN202CI ,  (321.16): 
calctl C 56-10. H 3.14, N X.72, CI 22.08: found C 56.11. H 3.02. N 8.66, Cl 
22.03. 


31: Yield of 1 %  estimated by GCiMS: m;z (YO): 320 (51) [M'], 305 (46) 


[ M .  - C1 - NO,], 224 (100) [C,,H,NICI:]. 


3m: M.p. 165- 166'-C; ' H N M R  (200 MHz, [DJacetone, 25"C, TMS): 
ri = 2.28 (s, 3 H ;  CH,), 7.30-7.48 (m, 511; Ph), 8.30 (s, 1 H ;  H-9), 8.31 (s, 
lH ;H-6) ; IR(KBr) :  i. =2237(CN),1519and 1338c in~ ' (N02) ;MS(70eV.  
E l ) .  n / z  (%): 408 (91) [ M + ] ,  393 (17) [ M i  - CH,], 331 (100) and 329 (99) 
[M' - Br], 285 (58) and 283 (58) [ M i  - Br - NO,], 250 (55) [M+ - 2Br], 
204 (55) [ M +  - 2Br - NO,]; C,sH,oN20,Br, (410.07): calcd C 43.94, H 
2.46, N 6.83, Br 38.97; found C 44.06, H 2.33, N 6.85, Br 38.85. 


3n:  Oil: ' H N M R  (200 MHz, [DJacetone, 25 'C ,  TMS): 6 = 2.33 ( 5 .  3H:  
CH,%). 7.27-7.52 (m, 5H;  Ph), 8.24 (dd. 'J(F,H) =12.7 Hz, ,J(H,H) = 
2.4 Hz, 1 H ;  H-6), 8.63 (dd, ,J(H,H) = 2.4 Hz, 5J(F,H) = 1.4 Hz, 1 H ;  H-8); 
I K  (KBr): i = 2236 (CN),  1531 and 1347 cm-I (NO,); MS (70 eV, El): mi= 
(%):  396 (100) [ M  $1: 269 (22) [ M i  - I]; 254 (22) [ M  ' - 1 - CH,]; 242 (48) 
[M - I  - HCN]; 223 (47) [ M +  - - I -  NO,]; 208 (55) [M' - I  - 
NOz - CH,]: HRMS (El) m/z  calcd for C, ,H,oN20,F,I , :  395.977108, 
found: 395.977989. 


3 0 :  M.p. 107-109T  (Lit. 109'C);L"1 ' H N M R  (200MH2, [DJacetone, 


[ M i  - CH,], 285 (98) [ M i  - CI], 258 (68) [M ' - C1 - HCN], 239 (33) 


25"C, TMS): d = 2.22 ( s ,  3 H ;  CH,), 3.99 (s, 3 H ;  OCH,), 7.16 (dd, 
'J(H,H) = 8.5 H L ,  ,J(H,H) = 2.0 Hz, 1 H ;  H-9), 7.39 (d, ,J(H,H) : 2.0 Hz, 
1 H ;  H-5), 7.34 7.55 (m. 5 H ;  Ph), 7.89 (d, ,J(H,H) = 8.5 Hz, 1 H ;  H-8); IR 
(KBr): i. = 2239 (CN), 1513 and 1344 c m -  (NO,); MS (70 eV, El): mjz (%): 


C,,H , ,N203 (282.30): caicd C 68.08, H 5.00, N 9.92; found C 68. 06, H 5.02, 
N 990.  


3p:  M.p. 117-118'C; ' H N M R  (200 MHz, [D,]acetone, 25"C, TMS): 
6 = 2.15 (s, 3 H ;  CH.,), 3.80 (s. 3 H ;  OCH,). 7.30-7.41 (m. 5 H ;  Ph), 7.80- 
8.01 (m, 3H;Ar ) ;  IR(KBr): G = 2240(CN), 1520and 1346cm-'(NO,);MS 
(70 eV, EI): miz (%): 282 (37) [M+], 267 (41) [ M +  - CH,], 91 (100) [C7H:]; 
C,,H,,N,O, (282.30): calcd C 68.08, H 5.00, N 9.92; found C 68.05, H 4.93, 
N 9.87. 


3r:  M.p. 124-125°C; ' H N M R  (200 MHz, [DJacetone, 25°C. TMS): 
6 = 2.34 (s, 3 H ;  CH,), 7.35-7.52 (m, 5 H ;  Ph), 8.30-8.34 (m, 1 H ;  H-9), 
8.66 -8.74 (m, 2 H ;  Ar); IR (KBr): i = 2235 (CN). 1529 and 1354cm-' 
(NO,):MS(70eV,El):m~z(%):277(54)[h.l+],262(100)[M' - CH,],216 
(38) [M' - CH, -NO,]; C,,H,,N,O, (277.28): calcd C 69.31, H 4.00, N 
15.15; found C 69. 36, H 3.85, N 15.27. 


2) Experimental Procedure for Reactions Shown in Scheme 2: 
a )  Oxidation of1 ~ with KMnO,: KMnO, (237 mg, 1.5 mmol) was added in 
one portion to a solution of 1 (197mg. 1.5mmol) in liquid ammonia, 
prepared as described in procedure 1.  After 2 min the mixture was quenched 
with NH,CI, the ammonia evaporated, and the residue analyzed by GC/MS 
using biphenyl as an internal standard: 4 (20%), 5 (SO%), 1 (traces). 


hJ Reaction o f 1  ~ with equimolar mixture of 2a  und KMnO,: A solution of 
1- (197 mg. 1.5 mmol) in liquid ammonia, prepared as described in proce- 
dure 1, was added in one portion to a solution of KMnO, (237 mg, 1.5 mmol) 
and 2 a  (185 mg, 1.5 mmol) in liquid ammonia (ca. 25 mL) at -70°C. After 
2 min the mixture was quenched with NH,CI, ammonia evaporated, and the 
residuc analyzed by GC/MS using biphenyl as a n  internal standard: 2 a  
(90%), 3a (10'%), 4 (18%), 5 (65%)). 


c )  Rwction of 1 -  wifl7 M e l :  Me1 (213 mg, 1.5 mmol) was added in one 
portion to a solution of 1- (197 mg, 1.5 mmol) in liquid ammonia, prepared 


282 (100) [hi'], 267 (41) [hi+ -CH,], 221 (76) [C15HllN,0:]; 


as described in procedure 1. After 2 min the mixture was quenched with 
NH,CI, ammonia evaporated, and the residue analyzed by G C  using 
biphenyl as an internal standard: 1 (traces), 6 (99%). 


d)  Reaction of Me1 with equimolar rni-yture of 2a  and I - .  Me1 (213 mg, 
1.5 mmol) was added in one portion to a solution of 1- (197 mg, 1.5 mmol), 
prepared as described in procedure 1, and 2a (185 mg, 1.5 mmol) in liquid 
ammonia. After 2 min the mixture was quenched with NH,CI. the ammonia 
evaporated, and the residue analyzed by G C  using biphenyl as an internal 
standard: 2 a  (98%), 1 (99%), 6 (1"h). 


c )  Reuction of 1 -  with equimolar mixture of2a and Mel:  A solution of 1- 
(197 mg, 1.5 mmol) in liquid ammonia, prepared as described in procedure 1, 
was added in one portion to a solution of Me1 (213 mg, 1.5 mmol) and 2a 
(1 85 mg, 1.5 mmol) in liquid ammonia (ca. 25 mL) at - 70 ' C .  After 2 min the 
mixture was quenched with NH,CI, the ammonia evaporated, and the rcsidue 
analyzed by G C  using biphenyl as an internal standard: 1 (48%), 2 a  (99%). 
6 (52%). 


. f ]  Rearlion of 1 -  with eqtiimolur mixture of KMnO, and MeI:  A solution of 
1 (1 97 mg, 1.5 mmol) in liquid ammonia, prepared as described in proce- 
dure 1, was added in one portion to a solution of KMnO, (237 mg, 1.5 mmol) 
and Me1 (213 mg, 1.5 mmol) in liquid ammonia (ca. 25 mL) at - 70 C. After 
2 inin the mixture was quenched with NH,CI. the ammonia evaporated. and 
the residue analyzed by GC/MS using biphenyl as an internal standard: 4 
(17'%), 5 (73%), 6 (10Yo). 


g )  Rcacrion of K M n O ,  with equimolar mhturc. o/ 1 -  and oH (idduct 12-a :  
KMnO, (237 mg, 1.5 mmol) was added in one portion to a solution of 1 
(394 mg, 3.0 mmol), prepared as described in procedure 1, and 2 a  (185 mg, 
1.5 mmol) in liquid ammonia. After 2 min the mixture was quenched with 
NH,CI, the ammonia evaporated, and the residue analyzed by GC using 
biphenyl as an internal standard: 1 (35%). 2 a  ( lo%),  3a  (90%), 4 and 5 
(20%) 


3) Experimental Procedure for Reactions Shown in Scheme 3:  
a) Reaction of cquimolur mixture q f l -  and 2a with owygm: A strong stream 
of oxygen was bubbled through a solution of 1- (197 mg, 1 5 mmol), pre- 
pared as described in procedure 1, and 2 a  (185 mg, 1.5 mmol) in liquid am- 
monia. After 2 min the mixture was quenched with NH,CI. the ammonia 
evaporated, and the residue analyzed by GC using biphenyl as an internal 
standard: 1 (73%), 2 a  (91%), 3 a  (So/"), 4 (16%). 


h )  Rraction ?/ I with oxygen: A strong stream of oxygen was bubbled 
through a solution of 1 ~ (197 mg, 1.5 mmol) in liquid ammonia, prepared as 
described in procedure 1. After 2 min the mixture was quenched with NH,CI, 
the ammtrnia evaporated, and the residue analyzed by GC using biphenyl as 
an internal standard: 1 ( 2 % ) ,  4 (74%), 5 (24%). 


4) Reaction of Anionic uH Adducts 12-a, 12-e,  and 12-j  with Me,SiCI: 
A solution of 2-phenylpropionitrile (197 mg, 1.5 mmol) and nitroarene 
(1.5 mmol) in D M F  (1 mL) was added dropwise to a solution of tBuOK 
(185 mg, 1.65 mmol) in anhydrous T H F  (20 mL) at -70°C under argon. 
After completion of the addition (1 min), the reaction mixture was allowed 
to stir for 2 min, and the orange solution was treated with Me,SiCI (0.5 mL). 
The resulting clear solution was stirred a t  -70°C for 0.5-1 h, and HCI 
( l o % ,  10mL) was then added. Extraction with CH,C12, washing with 
KHCO, ( 5 % ) ,  water, and brine, and drying with MgSO, yielded the crude 
product, which was purified by flash chromatography affording the light 
green oil. 


7a:  Yield 319 mg(90%);grcenoil; I4N NMR(500 MHz, [D,]acetone.25 C, 
CH,NO,): 6 = -132 (CN and NO,,,,,), 527 (NO,,,,,,,); MS (70 eV, El): 
mi; (%): 236 (100) [M+], 221 (9) [ M +  - CH,], 206 (38) [ M +  -NO].  190 
( 5 2 )  [C I .HxN :I. 


7e:  Yield 285 mg (70%); green oil; 14N NMR (500 MHz, [D,]acetone, 2 5 ° C  
CH,NO,): 6 = -130 (CN and NO,,,,,), 527 (NO,,,,,,,); MS (70eV. EI): 
m/z (%): 270 (100) [ M + ] ,  255 (22) [ M +  - CH,], 240 (22) [ M +  - NO]. 225 
(12) [M' - N O  - CH,], 205 (34) [M+ - NO - CI], 190 (71) [C,,H,N;]. 


3j: Yield 86ing (20%); Sj: Yield 135 mg (34%); Oil; ' H N M R  (200 MHz. 
[D,]acetone, 2 5 T ,  TMS): 6 = 2.20-2.30 (m, 6 H ;  CH,), 7.35-7.51 (m. 
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10H;  Ph),  7.75-7.88 (m, 4 H ;  A A  of A A X X  system), 7.90-8.03 (m, 4 H ;  
AA' of AAXX'  systcm); IR (KBr): i = 2238 (CN), 1480cm-' (N=N);  MS 
(70 eV, El): r n / i  (%): 528 (97) [ M ' ] ,  513 (57) [ M '  - CH,], 512 (51) 


C,,H,,N,O,F, (528.16): calcd C 68.18, H 3.81, N 10.60; found C 68.12, H 
3.84, N 10.44. 


[ M +  - 01, 242 (100) [M' - 0 ~ NZ],  227 (40) [C,,H,N,F;]; 


5) Products of Decomposition of Nitroso Compounds 7 a  and 7e :  
3a:  Yield 123 mg(36%); 8 a :  Yield 126mg (41%); oil; 'HNMR (200 MHz, 
[D,]acetonc, 2 5 C  TMS): 8 = 2.18 (s, 3 H ;  CH,), 2.20 (s, 3 H ;  CH,), 7.31- 
7.55 (m. 10H; Ph), 7.56-1.72 (m, 4H; AA' portions of AA'XX' systems), 
8.14-8.40 (m, 4 H ;  X X  portions of AA'XX systems); 1K (KBr): 5 = 2238 
(CN), 1464cm-' (N=N); MS(70eV, EI):rn/z(%): 456(39)[M*],440(12) 


(456.55): calcd C 78.92, H 5.30. N 12.27; found C 78.83, 5.21H, 12.19 N .  
[M' - 01, 206 (100) [M' - 0 - NJ,  190 (23) [CI,H,NT]; C3,H,,N,OI 


3e:  Yield 70 mg (23%); 8e:  Yield 177 mg (64%); Oil; ' H  NMR (200 MHz, 
[DJDMSO, 2 5 ° C  TMS): 6 = 2.19 (s, 3 H ;  CH,), 2.22 (s, 3 H ;  CH,),  7.25- 
7.50 (m, 12H;  aromatic protons), 8.00-8.50 (m, 4 H ;  aromatic protons); IR 
(KBr):; = 2236(CN), 1460cm~'(N=N);MS(70eV,EI):rn/z(%):524(76) 


190 (35) [C,,H,N:]; C,,H,,N,O,CI, (525.44): calcd C 68.58, H 4.22. N 
10.66, CI 13.49; found C 68.45, H 4.05, N 10.71, CI 13.48. 


[ M + ] ,  508 (23) (M' - 01, 489 (40) [Mf - Cl], 240 (200) [M' - 0 - N,], 


6) Reaction of Anionic (F" Adducts with Bromine-Syntheses of Nitro Com- 
pounds 3a  and 3 i :  A solution of 2-phenylpropionitrilc (197 mg, 1.5 mmol) and 
nitroarene (1.5 mmol) in DMF (1 mL) was added dropwise to  a solution of 
tBu0K (185 mg, 1.65 mmol) in anhydrous THF (20 mL)  at  - 70°C under 
argon. After completion of the addition (1 min), the reaction mixture was 
stirred for 2 min and treated with hrominc (0.4 mL, excess). The resulting 


deep orange solution was stirred at  - 70 'C  for 40 min. and Et,N (1 m L )  was 
then added. After 20 rnin thc solution was treated with aqueous NnHSO, 
( 5 % ) .  Extraction with CH,CI,, washing with KHCO, ( 5 % ) ) .  water. and 
brine, and drying with MgSO, yielded the crude product. which was recrya- 
tallized from EtOH affording the pure nitrocoinpound 3a (79%) 01- 3i  
(37%). 
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Oligonucleotide Analogues with 4-Hydroxy-N-acetylprolinol 
as Sugar Substitute 


Griet Ceulemans, Arthur Van Aerschot, Berthold Wroblowski, Jef Rozenski, 
Chris Hendrix and Piet Herdewijn* 


Abstract: Modified oligonucleotides in- 
corporating trans-4-hydroxy-N-acetyl-~- 
prolinol (trans-4-HO-~-NAP) or its D- 


analogue as sugar substitute were 
synthesised with adenine and thymine as 
nucleobases. All-adenine oligonucleotides 
built from (2S,4S) or (2R,4R)-cis-4-hy- 
droxy-N-acetylprolinol were likewise pre- 
pared. Hybridisation studies revealed that 
heterocomplexes formed between polyU 
and homochiral tran.r-4-hydroxy-N- 
acetylprolinol-based oligomers of the 
same as well as of opposite chirality 
(polyU/tr'ans-oA:, and potyU/rmns- 
LAT~) .  The former, however, were triple- 
stranded. Other complexes with ribonu- 
cleic acids were polyAltrans-LTT, and 
polyU/cis-~AT,. Heteroduplexes with de- 
oxynucleic acids were formed between 
trans-LA:, and oligothymidylate. Interac- 
tion was also observed for &-LA:, and 


oligothymidylate, but not with the D-hy- 
droxyprolinol analogues. Microcalorime- 
try proved this interaction to be the for- 
mation of a triple-stranded complex. Two 
heteroduplcxes, trans-LAT,/dT,, and 
trans-LA:,/polyU, had similar or slightly 
increased stability when compared to the 
natural dA,,/dT,, or dA,,/polyU sys- 
tems. Microcalorimetry clearly indicated 
the formation of a duplex, in contrast to 
interactions with N-acetylprolinol oligo- 
nucleotides of different stereochemistry. 
Moreover, the enthalpy change was of the 
same magnitude but the association con- 
stant was slightly lower. Natural nucleic 


Keywords 
antisense agents - chiral recognition - 
oligonucleotides 


Introduction 


Nucleosides derived from 4-hydroxyprolinol (Figure 1) give rise 
to oligomeric nucleotides with the same number of atoms be- 
tween their repeating unit as the RNA-selectivc 2'-5'-oligonucle- 
otides.['.21 Because of this resemblance, and because of the pres- 
ence of a five-membered-ring- phosphatc backbone similar to 
the backbone of natural nucleic acids, they were selected as the 
first representatives of a new series of modified oligonucleotides. 


We synthesised oligonucleotides dcrivcd from all possible 
stereomers [(2S,4R); (2S,4S); (2R,4S) and (2R,4R), Figure 21 in 
order to investigate the dependence of hybridisation on cis/trans 


[*] Prof. Dr. P. Herdewijn, DI-. G. Cculcmans, Dr. A. Van Acrachot 
Dr. B. Wroblowski, Dr. J. Rcvenski. Dr. C. Hendrix 
Laboratory of Medicinal Chemistry, Rega Institute for Medical Research 
Katholieke Universiteit Leuven, Minderbroedersstraat 10, B-3000 Leuven (Bel- 
gium) 
bax: Int. codc + (16)337387 
e-rnail: piet.herdewijn(~orega.kuleuven.ac.bz 


acids thus clearly prefer hybridisation 
with L-hydroxyprolinol oligomers over D- 


hydroxyprolinol oligomers. For the series 
investigated, the L-fr(ins oligomers (Fig- 
ure 1) seem best to mimic natural oligo- 
nucleotides. These modified oligonucle- 
otides formed homocomplexes if both 
strands were of the same chirality, that is, 
homocomplexes formed between trrrrzs- 
LA* and fruns-LT* and between tr'tms- 


DA* and tran.r-~T*, reflecting the isochi- 
ral pu-py pairing found in natural nucleic 
acids. Once more, however, calorimetry 
proved these to be triplex interactions. 
Heterochiral pairing was not observed bc- 
tween modified oligonucleotides, but only 
between modified oligonucleotidcs and 
natural polyU. The thermal stabilities of 
these heterochiral complexes differed 
clearly. 


Figure 1 .  Structures of oligonucleotides with 4-hydron?.-N-acctylprolinoI a s  sugar 
substitute ((2S,4R)-rrrm.s-4-HO-1.-prolinol oligonucleotides. left) and of 2'-5' linked 
3'-deoxyoligonucleotides (right). 
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From the antisense point of view, this series of compounds 
may display the constrained flexibility that can be found in 
D N A  m d  RNA. The presence of the five-membered ring is 
crucial for the retention of this characteristic. The amide bond 
attaching the nucleobase to the backbone also has limited free- 
dom of rotation. The balance between flexibility and rigidity is 
considered to be an advantage for effective hybridisation with 
natural nucleic acids.',, Rigidity is necessary to ensure some 
preorganisation in order to prevent a huge entropy loss upon 
duplexation. Flexibility is essential to allow for the adaptation 
ofthe conformation to the natural nucleic acids, on the sequence 


During the course of this work, the interest of several other 
research groups in the truns-4-HO-~-NAP (2S,4R) structure 
(NAP stands for N-acetylprolinol) as a sugar substitute in 
oligonucleotides has become apparent. Prokhorenko et al. used 
the compound as carrier of a fluorescence label in DNA,[61 
Hebert et al. synthesised the pho~phoramidites"~ (identical to 
the thyminyl building block 1.1, except for the use of a 
dimethoxytrityl group instead of a monomethoxytrityl group) 


Abstract in Flemish: Oligonucleotiden, waarhij de suikerring w r d  and Wilson-Lingdrdo et al. included the modified nucleotide in 
vervurzgen door ofivel ci.s-4-liyclroxy- N-acetylprolinol, (2S,4S)  of' the synthesis of a chemical library.[*] Chemical concern Bayer 
12R.4R) ofwel trans-4-l~ydro.~~~-N-acetyl-~-prolinol [trans-4- patented the peptide analogue (both enantiomers and their 
HO-L-NA P )  of' zijn n-unaloog, icwden gesynthetiseerd. Hy- epimer) in view of its potential antisense properties.['] Most 
hri~1izatir.studie.s toonden de vorming clan van heterocomplexen recently Gangamani et al. reported synthesis of two peptide 
tussen polyU en Izomochirale oligomeren bestaande uit trans-4-hy- dimers with the L-cisIL-cis and D-tI'anS/L-clS conformations." 
dro.~~~-N-acetylprolinol, van beide chirale vormen (poly U /  
trans-DAT, enpOI,vU/tranS-LAT, j . De eerstvermelde vormt rchter 
een tripel helix structuuy. Andere associaties met ribonucleine- Results and Discussion 
zuwn zijn polyA/tran.s-L c3 en poly Ulcis-LA:,. Heteroduplexen 
inrt deox.~nucl~~inrzuren werden gevormd tussen trans-LAT, en Synthesis: The synthesis of the 2(S)-stereomers was started from 
oligotliymidylaat en tussen ci.s-LAT, en oligothyrnidylaat, maar commercially available tran.s-4-hydroxy-~-proline (Scheme 1) .  
niet voor de n-hydroxypro/ino/ analogen. Microcalorimetrir The procedure essentially follows the method previously de- 
toonde auri dat dit complex bestaat uit drie strengen. Twee scribed by Reed et al.[", Only the reduction of the carboxyl 
Iietc~roduplexen, truns-LAT,jdT, , en trans-LATJpoly U,  vertonen function is not carried out on the free acid with BH, .THF but 
gelijkaurdige of' licht verheterde stahiliteit in vergelijking met on the methyl ester instead with LiBH,. This small synthetic 
de natuurltjke c I A , J ~ T , ~ -  en dAA3/polyU-systemen. Micro- detour causes a substantial increase of the overall yield of the 
calorimetric ~.ve.s duidel(jk in de richting van duplexvorming, in reduction process from 40 YO (BH, 'THF reduction) to 90 YO 
tegcn,strlling tot interacties met de n-N-acet~lprolinol-oligo- (diazomethane and LiBH,) . After removal of the phenyl- 
nucleotiden. De enthalpieverandering is van dezelfde grootte-orde methoxycarbonyl (Z) protecting group, the amino diol is con- 
muur de associi~ticconstante is lichtjes gedauld. De natuurlijke densed with (thymin-I-yl)acetic acid" ,] or (Nb-benzoyladenin- 
nucleinezuren vertonen dus een duidelijke voorkeur voor ky- 9-y1)acetic acid (Scheme 1). 
hridizatie met de L-hydroxyprolinol-oligomeren boven de D-hy- (Thymin-1-y1)acetic acid was prepared as reported by 
dros).prolinol-oligom~ren. Van de onderzochte structuren blijken Kosynkina et al.;['31 we found this to be the most efficient 
(tr L-trans oligomeren, zoals voorgesteld in Figuur 1, het hest method.['4' l 5 I  The preparation of the adenine acetic acid 
ctc. nutuurlijkr oligonucleotiden nu te bootsen. Deze 
gebrijzigde oligonucleotiden zijn in staut om homo- 
complexen te vormrn iizdien beide strengen van 


g e v o r z d  tussen truns-LA* en trans-LT* en tussen 
trans-DA* en trans-DT*, hetgeen analoog is aun de 
isochirale pu--py baseparing, voorkomend in nutuur- 
lijkr nucleinezuren. Calorimetrische metingen tonen 
uan dat deze inteructie te wijten is aan triplex vorm- 


nonien iussen grnijzigde oligonucleotiden onderling 


nutuurlijk pol.vU. 


Bp 
H MoH ""* 4 H  


O 4  


+ O 4  
HO &OH 


i R  s; 
HO OH 


trans-D trans-L 


" O m o H  Figurc 2. Hydroxyprolinol 
nucleosides used for the syn. i s  R i  


H H thcsis or iiiodified ohgonu- of which the structure depends. 
cis-D cis-L cleotides. 


configuration and also the possibility of finding pairing systems 
between optical antipoles. The pairing system that dominates in 
natural nucleic acids is an isochiral purine-pyrimidine system 
and this is also round in P - R N A . ~ ~ '  


MeOOC : 
. . . E L H  


i 
EH& H 


D C H z O C O C I  Hooc& __3 CH2N2 


dezelfilt. chirale vorni zijn. Homocomplexen roorden H3.," H NaHC03R120 H"'"' H CH30H H '  


OH OH OH 


2MLiBH.4 THF 


2 


4 


ing. Heierochiralc izyhridizatic~ bverd niet waarge- H 3  DCC B-CHzCOOH or HBTU 


muur enkel tussen gewijzigde oligonucleotiden en 
H CH30H HOBt, NMM 


DMFlpyr. 
OH OH OH 


Scheme 1.  Synthesis of fmfi.~-4-HO-N-acclyI-~-prolinol nucleosides (8: adenin-9-yl: thyrnin-I-y1) 
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derivative required first reaction of adenine 
with fert-butyl bromoacetate, followed by ben- 
zoylation at N 6 and deprotection by acid trcat- 
ment (Scheme 2). The trans-4-hydroxy-N- 


BzCI, pyr NH3, CH30H I 
20% CF3COOH 


CHzC12 


Base moiety 


Hydroxyprolinol 
moiety R O  


OR" wo 
x.1 x.2 x.3 x.4 


Figure 3. Scheinatic overview of the synthesised nucleoside analogueb. I'i-oducts are categoriscd accord- 
ing to the nucleobase present (first number: I is thymin-1 -yl:  2 is N"-henroyladenin-')-?.1), thcir sterco- 
chemistry(second number: Iis2(S).4(R);2is3(R).4(S);3is1(R).4(R).4is2(S).4(Sj)and the protecting 
group and its position (Gnal characlcr). 


Table I .  Identity of the synthesiszd nucleowle analogues. 


2 4 R' R 2 4 K' K" 


Scheme 2. Synthesis of  (Nb~benzoyladenin-9-yl)acetic acid 


[(thymin-l-yl)acetyl]-~-prolinol obtained and its adenine con- 
gener were then monomethoxytritylated at  the primary alcohol, 
converted to thc 4-0-phosphoramidites and oligomerised by 
standard phosphoramidite chemistry.['61 The cis compounds 
(2S,4S) were prepared analogously, by a Mitsunobu reaction 
with p-nitrobenzoic acid for the Walden inversion of the sec- 
ondary alcohol in a final reaction step. This reaction was carried 
out a t  the level of the monornethoxytritylated derivative. De- 
protection of the p-nitrobenzoate (with MeOH/NH, for the 
thymine derivative or 0.6" NaOH in a pyridine/ethanol mix- 
ture['7J for the adenine derivative) yielded the desired com- 
pounds (Scheme 3) which were again appropriately derivatised 


Scheme 3 .  Synthesis of the monometlioxytritylated ~ir-4-hydroxy-N-;icetyI-~-proli- 
no1 nucleosides (B: thymin-1-yl, Nb-benroyladeniii-Y-yl). 


and submitted to  standard phosphoramidite oligomerisation. 
The difference between the deprotection of the adenine deriva- 
tives and of the thymine compounds was necessary to prevent 
debenzoylation of the adenine moiety. All synthesised nu- 
cleoside analogues are included in Figure 3 and Table 1. 


The synthesis of the 2(R) stereomers started from commercial 
cis-4-hydroxy-~-proline. The synthesis followed the same 


1.1 B 


I . l b  
I.lc 
I . l d  
l . l e  
1.1 
I . l i  
1.2a 
1.2b 
1.2c 
1.2d 
1.2e 
1.2 
1.2i 
1.3a 
1.3b 
1.3c 
- 


S R 
S R 
S R  
S R  
S R 
S R  
S R 
R S 
R S 
R S  
R S  
R S 
R S 
R S 
R R  
R R  
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H 
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iBDMS 
tBDMS 
H 
MMTr 
P 
I 1  
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IBDMS 
M ) M S  
H 
MMTt- 
P 
H 
M MTr 
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H 
I 1  
H 
MMTr 
MMTr 
P 
MMTr 
I 1  
I I  
H 
MMTr 
M MTr 
P 
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H 
H 
H 


2.1 a 
2.1 b 
2.1 
2.4 a 
2.4b 
2.4 
2.2 a 
2.2b 
2.2 


2.3 a 
2.3b 
2.3 


S R ti H 
S R MMTr H 
S R MMTr P 
s s I i  H 
.S ,S M M 7 r  H 
S S M M l r  I' 
R S H  I I  
R S MMTr 11 
R S MMTr I' 


R R I 1  11 
R R MMTr H 
K R MMTr  P 


[a] MMTr stands for monomethoxytrityl ether protection. [b] P indicates /i-cya 
noethoxy diisopropylamine phosphoramidite derivativc. 


scheme as presented for the 2(S)  stcrcomcrs, but in this case the 
cis compounds (2R,4R) are directly available, whereas the 
(2R,4S) products require an inversion of configuration at  posi- 
tion 4. Thc rcaction conditions are the same as described for the 
2(S)  series. 


The reaction scheme presented here did not result in racemi- 
sations. Diastereomeric products, if any, would have been de- 
tected by chromatographic mobility or N M R  analysis. The pair 
of cis and hm.r monomethoxytritylated 4-hydroxy-N-[ (thymin- 
1-yl)acetyl]prolinol diastereomers, as well as the deprotected 
diastereomeric compounds, can be detected as separate spots in 
TLC; the cis compound is the more slowly migrating product. 
The N M R  spectra of the two are clearly distinct. This holds also 
for the adenine derivatives. 


Analysis of the Monomeric Units: The spectrum arising from a 
heteronuclear correlation experiment was used to dctcrmine the 
position of most protons. The I3C N M R  spectra showed dou- 
bled signals for virtually all nuclei in  the compounds studied. 
This phenomenon is most likely due to the presence of two 
slowly exchanging conformers. 


For monomethoxytritylated compounds, the trityl group 
probably sterically slows the conformational transition. This 
hypothesis was verified from the deprotected derivatives. The 
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fully protected compound with a monomethoxytrityl group on 
the primary and a rrrt-butyldimethylsilyl group on the sec- 
ondary alcohol displayed a 13C NMR spectrum with all signals 
doubled. When the trityl group was removed, thc N M R  analy- 
sis, run without specific purification of the compound, showed 
only two peaks doubled. Products bearing no protecting groups 
on the alcohol functions also occur as two distinct conformers. 
Their interconversion is probably slowed down by hydrogen 
bonding to the nucleobasc (Figure 4). In fact, molecular mod- 
elling, ii Monte Carlo search through all rotatable bonds[’*’ 


A A’ 


B B’ 
Figure 4. The two conformers of rrn,ir-4-hydrox).-N-(N h-bcnroyladeiiin-!- 
j I)acelyl)-r -prolinol (A and  A’) and rro,r,-4-hydroxy-N-(th) inin-1 -yl)acetyl)-I.-pro- 
linol ( B  and B’). 


with an OPLS forcefield and GB/SH solvent treatment,[”I con- 
firmed the possibility of the primary as well as thc secondary 
alcohol forming a hydrogen bond with N 3 of adenine. These 
two conformations are both of minimal energy with energy dif- 
ferences less than 4 kJ m o l ~  and relate to two different molec- 
ular shapes (Figure 4A and A’). For thc thyminc derivative too 
two conformations could be found with low energy and less 
than 4 kJ mol- ’ difference in potential energy (Figure 4 B and 
B’). However. the overall shape differences between the two 
thyminc analogue conformations are small. The origin of thc 
two forms does not reside in hydrogen bonds from thc alcoholic 
functions to the nucleobase, as was found for the adenine 
dcrivativcs. In this case. only the primary alcohol function 
engages in hydrogen bonding. In the thymine derivative, the 
primary alcohol function has a preference for interacting with 
the carbonyl of the methylene carbonyl linker. Beside this con- 
formation of lowest energy, the primary alcohol is also found to 
interact with 0 2  of thymine. In molecular dynamics simula- 
tions, intcrconversion hetwccn thc low-energy conformations 


of the adenine derivative occurred, and on a much shorter 
timescale (500 ps) than expected from the N M R  results. How- 
ever, the modelling experiment was performed as if the molecule 
were in a vacuum environment, whereas water is known to slow 
down conformational transitions. It should be mentioned that 
the existence of several rotamers has also been observed for the 
PNA dimer H-AC-NH,.[201 


Our differentiation between ci.s and t r a m  geometrical 
stereomers was confirmed by analysis of their proton spectra. 
The commercial tran.s-4-HO-~-proline and cis-4-HO-u-proline 
were analysed as model compounds and the obtained spectra 
were compared with those of the prolinol derivatives. From 
these data a similar configuration for both the trails-proline or 
cis-proline starting material and the isolated end-products 
trrins-prolinol or cis-prolinol, respectively, could be deduced 
(‘HNMR and 13C NMR data are given in the experimental 
section). 


Synthesis of Oligonucleotides and Mass Spectrometric Analysis: 
Standard phosphoramidite chemistry was used for assembly of 
the modified oligonucleotides; a slightly higher amidite concen- 
tration (0.1 3 M) and prolonged coupling time were used to en- 
sure adequate coupling of the modified building blocks. Depro- 
tonation and purification by ion-exchange chromatography 
were carricd out following published procedures.[211 No delete- 
rious effect for the amide was noticed upon prolonged (16 h at 
55  “C) treatment with ammonia. 


Electrospray ionisation mass spectrometric analysis showed 
that the obtained oligonucleotides were pure and the correct 
molecular weight was found in all cases (Table 2). The purifica- 
tion method proved to bc very efficient for the removal of inter- 
fering sodium ions; only slight cation adducts are seen in the 
spectra (Figure 5). 


Table 2. Elcctrospray ionisation mass spectrometric analysis of fully inodilied ,A- 
acetylprolinol oligonucleotides. 


Sequcncc [a] Cilcd. Found 


4-HO-1.-1ruii\ TI,-pi-op 4564.2 4564.5 
At,-prop 4681.4 4682 0 


Tzht-prop 4645.4 4044 n 
4-HO-l.-< I\ CCAT,-prop 5259.8 5159 4 


T:-prop 3264.4 3264.5 
T,A:-prop 4481 .2 4481 0 


[a] “prop” dcnotcb Lhc )‘-terminal propanediol phosphate moiety 


Hybridisation of Modified Oligonucleotides: UV melting curves 
of all-thymine and all-adenine 4-HO-NAP oligomers with coni- 
plenientary DNA and RNA scqucnces were recorded at 260 nm 
to assess the degree of duplex and triplex formation. The sam- 
ples were dissolved in neutral buffer solutions containing 0.1 or 
1 M NaCl and curves were run at a heating rate of 0.2 ‘Cmin ~ ’. 
The degree of intrastrand base stacking and the shape of the 
melting curves of the single-stranded oligomers were investigat- 
ed to cxcludc ambiguous melting temperatures with comple- 
mentary nucleic acid sequences. A hyperchroinicity of about 
6 %  for the Irans-adenine oligomer was detected in the 5-55 C 
range, indicating that no self-aggrcgation occurs. Intramolecu- 
lar stacking was more substantial for the cix-4-HO-NAP 


~ 
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Figurc 5.  Electrospray mass spcctruin of a fully modified T:A: 3'-propanediol 
phosphiilc 4-HO-~-rt.un.r-N-;icc~ylprolinol oligonucleolidc (top) and the deconvolu- 
lion of the spectrum in Lhc iiiolectilar region (boltom). 


oligonucleotides (1 5 %). However, no adenine-adenine or 
thymine- thymine pairing could be observed in the hydroxypro- 
linol oligonucleotides. 


Trans Cornpounds 


T, with compl~mentarj D N A :  Table 3 shows that the fully mod- 
ified oligonucleotide composcd of rrans-4-hydroxy-N-[ (adenin- 
9-yl)acetyl]-~-prolinol [trans-4-HO-~-NAP-adenine (LA*)] units 
is capable of forming a complex with its DNA complement, with 
a stability that equals that of the common DNA polyA/polyT 
duplex (compare entries 9 and 1, left). Single and triple substitu- 
tions of an artificial unit in the middle of a natural sequence 
induce substantial decreases in duplex stability (entries 7 and 8). 
While the destabilisation of the duplex upon incorporation of 
LA* units seems to level off after multiple incorporations, the 
thymine analogue LT* seems not to contribute to  binding. The 
melting points recorded are in the same range as for a natural 
T,,/A,, duplex with a single mismatch (T, 's  of 18-21 "C for all 
possible different mismatches at  0.1 M NaCl; see also Table 6). 
Introduced D-compounds cause a larger destabilisation than 
L-derived structures (compare entries 2, 3, 5 ,  8, left and right) 
and the fully modified oligonucleotide composed of DA* units 
does not hybridise with an oligothymidine complement. Stereo- 


Table 3. I,',> values ol' oligonucleotides containing 11'~1~,s-4-HO-N-~1cctylproilllol a s  cur- 
bohydralc substitute, with complementary DNA sequences. 


[a] T,,,( C) wasmeasured inabuffercontai i i ing0.O?~1 KII,PO,. pH 7.5.0.1 iiibi F l Y I A  
wilh 0.1 01- 1 Y NaC1 and 41iM of  each ON. [b] 7 stand\ l i w  Ihymidiiie and A !or  
deoxyadcnosine. [c] No hypochroiiiicity detectable 


chemically, the L-HO-prolinol ring is the congener of the natural 
D-ribose sugar, which might explain this experimental observa- 
tion. 


Modified thymine units (DT* and LT*) were also inserted in 
an "inverted" manner (DiT* and LiT*), where the primary 
alcohol takes the 3' position in D-ribose. In the L series, T,,'s 
were slightly decreased compared to those tor normal inser- 
tion, suggesting more distortion of base pairing than when the 
primary alcohol position is equivalenl to the 5'-(primary) alco- 
hol in (deoxy)riboses and the secondary alcohol substitutes for 
the 3'-hydroxyl group (entries 2, 3 and 5, 6). 


Under no circumstances is the fully modified thymine 13-mer 
capable of interacting with complementary DNA (entry 4, left 
and right), and single and triple substitution of a modified 
thymine in the middle of a natural sequence gives a larger drop 
in r,, than does adenine (entries 2, 3 and 7, 8).  Homocomplexes 
d o  form with the modified thymine oligonucleotides (entry 10) 
(although the nature of this complex is different, as will be 
further discussed later). The lack of hybridisation of the fully 
modified thymine 13-mer cannot be solely attributed lo lower 
stacking interactions between pyrimidine bases. I t  has been ob- 
served for natural nucleic acids that the pyrimidine bases have 
less rotational freedom than the purines, which has been at- 
tributed to the fact that they are more bulky in the region of the 
sugar-phosphate backbone.[221 Although the spacer would 
seem to allow sufficient rotational freedom, it might be possible 
that such a factor would be responsible for the inability of the 
modified oligothymidylate to adopt a conformation for duplex- 
ation with DNA. It has also been noticed that tritylated 
monomers (thymine as  well as adenine) are locked in two differ- 
ent conformations (all carbon atom signals are doubled in 
N M R  analysis), indicating an unexpected rigidity of these c o n -  
pounds. Alternatively, the difference in stability of LTT,/A,,, 
LATJT, 3 ,  LATJLTT~ and A ,  3/Tl , associations might be a reflec- 
tion of a different orientation (parallei/antiparallel) of the 
strand and/or a different base pairing system (Hoogsteen or 
reverse-Hoogsteen instead of Watson-Crick pairing). Which 
factor exactly is responsible for the lack of complexation of the 
modified T oligomers with D N A  is not clear yet (see also 
"Strand orientation"). 
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Honioc.om/,l.se.c: As mentioned before. trans-4-HO-NAP 
oligonucleotides are capable of forming homocomplexes, a t  
least if both strands are of the same stcrcochemical configura- 
tion (homochiral strands with the same scnse of chirality). Such 
complexes are of reduced stability compared with the natural 
systems. The recorded T,'s indicate slightly lower stability for 
thc I)-homocomplex than the L-complex (comparc entry 10, left 
and right), but this could be an artefact. since the DT* oligonu- 
cleotide was built from 13 r>iT* units (instead of DT*) and one 
natural thymidine unit was attached to it (for labelling cxperi- 
ments) giving T-- riiTT,. Alternate homochiral self-complemen- 
tary sequences (entry 11) and homochiral strands with opposite 
chirality (entries 12, 13) do not display melting behaviour. The 
former especially was surprising in view of the pairing of ho- 
mochiral strands (entry 10). 


7;, wirlt ~ ~ t ? ? p l ~ , i ~ ? ~ ~ ~ t a r ~ ,  R N A  : Melting profiles of all modified 
rrrrus-oligomers with complementary R N A  revealed stable com- 
plexes at 1 M salt concentration for all structures, L as well a s  11, 


except for the D-derived thymine oligomer (entry 4, right, in 
Table 4). These results are in agreement with previous observa- 
tions as to RNA's lower discrimination concerning the stereo- 
chemistry of its a s s ~ c i a t e . [ ~ ~ - ~ ~ ~  It is probably no coincidence 
that again a thymine oligomer does not hybridisc. Also, the 
stability of the complex formed between the fruns-4-HO-~-NAP 
all-thymine oligonucleotide and complementary RNA is weak 
(Table 4, entry 4, Icft). The melting profiles gathered with RNA 
further confirm the potential of the tmn.s-4-H0-~-NAP all- 
adenine oligonucleotide, which forms the most stable complex, 
one that equals the stability of its natural counterpart the A- 
DNA:U-RNA hybrid (Table4, entries 1 and 3, left). Here too, 
the orientation of the hybridising strands and the pairing system 
itself cannot be deduced from the experiment. 


'lahlc 4. r,, values recorded Ibr coinplexation of /FU~\-~- I<O-NAI '  oligonucleotides 
with con~plementary KNA 


Table 5 T,, valucs of oligonncleo~ides with nl-acctyl-~ic-HO-prolinol i i i  sugar subsmute 
(cntrieu 1 ; m i  2 with D N A  cornplenient, entrles 3 and 4 with R N A  complement) 


Cl\-I Tm bl ci!-n r,, [a1 
0.1 M NnCl 1 M NuCI (1.1 M NaCl 1 M NaCI 


1 L A T , ' ~ T ,  [h] 20;21 [c] DA:, dT, n a.  [bl 
2 dA,3~(l~T', ,  35 4x dA,,  dT,, 35 48 


3 LA:? polyU 7 33 ~A:,lpolyU n.a. b l  
4 dA,,poly U 29 61 dA,,'poly U 29 61 


[ii] T,, ( ' C )  was measured in a huffcr cmtaining 0 . 0 7 ~  KH,PO,. p H  7.5. 0.1 m u  EDTA 
with 0.1 or 1 M NiiCI and 41134 of each ON. [h] No hypochromlcity detectable. [c] The 
first number applies lo the T,, ohtaincd upon heating. the second one to the cooling 
experiment n . a .  : not avesscd. 


In an effort to obtain information about the helix types that are 
involved in the complexes formed, CD spectral analysis was 
used. complexes with RNA in particular, which can include 
modified oligonucleotides built from either L- o r  D-monomers. 
are of interest. The C D  spectra obtained are depicted in Fig- 
ure6. The shape of the curves allows the spectra to be cate- 


I I I 
220 240 260 280 300 320 220 240 260 280 300 320 


Wavelength (nm) Wavelength (nrn) 


1 I I 
220 240 260 280 300 320 220 240 280 280 300 320 


Wavelength (nrn) Wavelength (nrn) 


1 polyU;dA,, 20 61 polylJ,dA,, 2Y 61 
2 polyA;dT,, 29 47 polyA/dT,, 29 47 


4 polyA'~T:, I! 17 [c ]  30 polyAiDT:, n.a. [bl 
3 pollUI~A:, 33 57 polyU DAY, [h] 27/23' 


[a] rm ( C) was meauurcd 111 a bufrcr containing 0.021.1 KH,PO,, p l l  7.5, 0 1 niM EDTA 
with 0.1 01- 1 M NaCl and 4 p ~  orcach ON. [b] N o  hypochromicity detectable. [c] The 
first number applies to the T,, obtained upon heating. the second one to the cooling 
cxpet-tinent n.a.. not assessed. 


C 'is C'oinp~nnds 
C ' ~ ~ - ~ - H O - L - N A P  adenine oligomers are capable of hybridisa- 
tion with their RNA a s  well as their DNA complement (Table 5. 
entry 1 and 3,  left), whereas the D-compounds are not a t  all 
(Table 5 ,  entries 1 and 3, right), as demonstrated by UV melting 
experiments. The complexes formed were of low stability. 


CD Sprctrul Aiiulvsis 
The sensitivity of circular dichroism to conformational alter- 
ations together with its ease of use (compared to NMR and 
X-ray analysis) forms the basis of its application in the struc- 
tural investigation of chiral polymers and polymer complexes. 


I I I I 
220 240 260 280 300 320 220 240 260 280 300 320 


Wavelength (nm) Wavelength (nm) 


Figure 6. CD spectra obtained with f r m s  oligomers in a 1 M NaCl solution at 5 C. 
A :  LATJT,,; B :  LATJpolyU; C: LTT,JpolyrA; D: DAT, polyU. E :  homw 
complex (DA:,'dT:,); F: dA,,jpoiyU 


gorised with respect to the prevailing helix type. There is a 
relationship between the nature of the strands in the complex 
and the conformation detected. Hybrids with polyU (RNA) 
adopt an A-type conformation unless the associating strand is 
dA,, (which induces B-type). The curves of LATJT,, (spec- 
trum A) and dA,,/polyU (spectrum F) are very similar. The 
modified single strands give rise to barely any signal (data not 
shown). Also, the fully artificial system composed of two com- 
plementary homochiral trans-4-HO-NAP strands of the same 
sense of chirality hardly gives any C D  signal (spectrum E). Inso- 
far as a pattern can be detected, no relationship with a known 
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conformation of natural nucleic acids can be recognised for the 
artificial system. The fact that no distinctive patterns arise might 
be due to the fact that the chiral centre is rather far removed 
from the UV-active nucleus that is co-responsible for the ob- 
served signal. The bridge between the ring inducing the feature 
of chirality and the nucleobases also contains an sp3 carbon, 
allowing the base to  rotate. The trans-4-HO-u-NAP-A oligomer 
that interacts with polyU (spectrum D) displays the conforma- 
tional pattern of a normal A-helix. Substantial diffcrcnccs can 
be found between this spectrum and the one obtained with its 
L-congener (spectrum B). The differences might also be due to  
the formation of triplexes instead of duplexes. A similarity of the 
trrm.c.-4-HO-~-NAP-T,,/polyrA (spectrum C) with the a-bicy- 
clo-A//l-bicyclo-T system became evident upon comparison 
with known CD structures of modified oligonucleotides.12"' 


For the complexes formed with trans-HO-NAP compounds, 
the complementary natural nucleic acids were always capable of 
imposing their own helical preferences to some extent. For the 
cis compounds, investigation by circular dichroism reveals that 
the complexes no longer resemble the classical nucleic acid he- 
lices. All curves of the complexes more closely resemble the ones 
obtained with the single-stranded modified oligonucleotides 
than those obtained for the single-strandcd natural sequences 
(spectra not shown). This indicates conformational rigidity of 
the cis-HO-NAP oligonucleotides that forces the natural 
oligonucleotide strands to adapt. N o  analogy could be sccn 
between any of our structures and the C D  spectra obtained by 
Gangamani et al. for their peptide dimers.["] 


lnvestigarion of trans-4-HO-~-NA P Oligonucleotide 
HyhridisisLltion 
U V  Mixing Curves: The trnns-4-HO-~-NAP structure is the 
most promising modification of the series of products investi- 
gated here. Complexes formed with coinplementary DNA or 
KNA have similar stability to the natural duplexes if modified 
all-adenine oligomers are considered. The cxact identity of the 
complex (triplex-duplex) between the trans-il-HO-~-NAP all- 
adenine oligonucleotides with complementary DNA and R N A  
is of great interest for the determination of the real potential of 
such modified oligonucleotides as antisense agents. 
Hypochromicity for the LATJT, complex was calculated a s  
33 %,where 25% was rcgistered for the natural A,,/T,, system. 
UV melting experiments performed at  284 nin generate a mclt- 
ing profile for the LATJT, , complex as well as for the modified 
homocomplex, hinting at  triplex formation (UV melting curves 
not shown). Considering the homocomplex. i t  was also noted 
for both chirality series (D or L) that self-complementary alter- 


0 50 100 0 50 100 


'h TI3 % TI3 


Figure 7. UV mixiiig curves of / rm~-4 - t lO - i  -NAP-A,,  with ' I . ,  , recorded :II 260 
(Icft) and 284 nni  (right). 


interpretation of these results seems untrustworthy, considering 
the apparent contradiction: UV hypochromicity a t  284 nm is 
commonly associated with TAT triplex formation.["' whereas a 
UV minimum at 1 : 1 indicates duplexation. Howevcr. 
hypochromicity at 284 nm is obviously conformation-depen- 
dent, considering the fact that KNA triplexes d o  not display this 
feature.[33] UV mixing data are more reliable in  this respect. and 
therefore the available data indicate the formation of ii double 
helix. Moreover, the C D  spectra clearly indicate conformational 
dcviations from the normal D N A ' D N A  or R N A ' D N A  helical 
systems, which might provide an cxplanation for the melting 
profile observable at 284 nm. 


The assessment of the nature of the complex with RNA is 
even inore critical than the one with D N A  in view of antisense 
potential. The UV mixing curves clearly indicate duplcx forma- 
tion in this case too (curves not shown). These results are not in 
agreement with the differcnt phcnomena that apparently occur 
upon melting of the complex as evidenced i n  the U V  inclting 
profile recorded at 280 nm. Howevcr, it is possible that the 
noncquivalcncc in chain length["' between the modified 
oligonucleotide and its R N A  complement is at the base of these 
strange observations. 


Gel Sh$ A S S L I ~ ~ S  und CD Mclting Profiles: Our modified all- 
adenine oligonucleotides were not recogniscd by the T4  polynu- 
cleotide kinase, the enzyme used to radiolabel the oligonucle- 
otides. Therefore we attached two natural cytidine units ( C )  at 
the 5' end in the synthesis of a second batch of modificd all- 
adenine oligonucleotides to give CCAT, ; this allowed very effi- 
cient radioactive labelling. 


Gel mobility shift assays were run a s  described in the experi- 
mental section. The autoradiograph in Figure 8 shows the hy- 


CCAI,, I I I 


TI, - 0.5 1 


nate sequences [ (A*,T*),] do not display hybridisation, a n  ob- 
servation that also fits the triplex formation hypothesis. On the 
other hand, alternating purine-pyrimidine sequences are known 
to form less stable duplexes, due to diminished stacking as com- 
pared to (all-purine)-(all-pyrimidine) hybridi~ation.[~"] In view 
of the relatively low stability already encountered for the LA:,/ 
LTT, complex, it is therefore equally likely that the duplex with 
the alternating sequence is simply too unstable to be detected. 


ds CCA*,,.T,, 


ssCCA' ,, --t 


lane 


1 1 1 1 1 - 1 0 -  


2 5 1 0 5 0 -  I I I 


UV mixing curves obtained according to the method of 


show a single discolltinuity in the latter Case ( u v  mill a t  1 : 1) and 
an apparent double discontinuity a t  260 nm (Figure 7). The 


k'igure 8. Autorudiogruph of the gel mobility shift ahsay o n  it low-lciiipcriiture 
JOb[311 at wavelengths of260 and 284 nm for the T,,/trarzs-~AT3 (10 C) natibe 1 5 %  polyacrylamlde gel. The radiolabcled ohgoiiuclrotides are intfi- 


cated in bold italic characters (CCA:,: modified rrml,!-LA*t ~ oligoodcnylatc with 
n i i tu ra l  cyricilnc nucleotides a t  the 5' ~ ~ ~ i n g  i-ati<>s <)f the stfi~nds : I ~ C  


indicatcd along the top. See expcrirnent;il for other conditions. 
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bridisation characteristics of CCA:, with natural T,, . The 
ratios of the oligonucleotides are shown on top. Both oligonu- 
cleotides were subsequently radiolabelled and mixed with their 
respective cold complements. Lanes 'I to  8 show radiolabelled 
CCAT, mixed with cold TI ,  in  increasing ratios. Even a 
CCAT,:T,, ratio of 1 :0.5 results in complex formation (lane 2); 
at ii ratio of I : 1 (lane 3) the band of single-stranded CCAT, has 
completely shifted to the position of a CCAT3:T,, hybrid. The 
position of the band does not change upon increasing the Ti, 
concentration (up to a CCA:,:T,, rlrtio of 1 :SO in lane 7). The 
hybrid observed in lanes 2 to 7 shows the same electrophoretic 
mobility as the complex in lane 10. However. this is not conclu- 
sive for duplex or  triplex formation as both TA*T and A*A*T 
complexes are theoretically possible. Therefore, microcalori- 
metric titration was carried out on the related AT,/T, , complex 
(see below). The experiment was repeated with natural U,, as 
the complementary strand, but here neither duplex nor triplex 
formation could be observed. 


The C D  melting profiles showed no indication of any other, 
transient complexes (Figure 9). This observation is, however, 
less reliable than a UV titration, since small changes will not be 
visible easily. 
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kigurc Y. C") melting profiles and temperature-dependent C D  measurements. 
A and €3: trati\-4-HO-i -NAP-A,?!T,, (€3 at 220 nin) [T,(260 nm) = 48'CI: C and 
D:  ~ ~ ~ ~ ~ - ~ - I - I O - L - N A P - A , , : U , ,  (D at 260 nni) [rm(260nm) = 57"CI; E and 
F: /vrm.r-4-HO-t.-NAP-T,,;A,, (F  i i t  260 nm) [T,,(260 nin) = 29'CI.  


MixcJd-Squence Complexes 
To be a successful antisense therapeutic, a modified inixed-se- 
quence oligonucleotide has to be capable of forming stable du- 
plexes. To assess this quality for our oligonucleotide, we 
prepared noii-self-complementary mixed A,T sequences (S- 
T*A*A*T*A*A*T*A*T*A*A*A*T*T*T*T*-3'), where A* 
and T* represent the truns-L-nucleotide, and tested their hy- 
bridisation with complementary DNA and RNA, antiparallel as 


well as parallel. Neither with DNA nor with RNA we could 
detect hybridisation, whereas the reference complex of comple- 
mentary DNA strands has a T, of 48 "C in 1 M NaCI. 


Specificity of' Hyhridisution 
The sequence specificity of the interaction was probed by run- 
ning UV melting experiments with single mismatch systems 
(Table 6). The stability of complexes formed by rrrms-4-HO-~- 
NAP-A,, and DNA T,XT, oligonucleotides is indicated in 
Table 6, where X represents 2'-deoxycytidine. 2'-deoxy- 
guanosine or 2'-deoxyadenosine. These data indicate that the 
specificity of the modified oligonucleotides is lower than that of 
natural DNA. 


'Table 6. r,> ( C) of single mismiitch sequences of ~-HO-L-NAP-A, ,  oliponucle- 
otides with DNA. 


Strand Orientation 
Intrigued by the question of the orientation of the homocom- 
plexes obtained, we assembled two more oligonucleotides in the 
tranAs-4-HO-~-NAP series. It was hoped that addition of four 
modified thymidine units to a nonamer stretch of adenosine 
NAP monomers would increase the association strength with a 
complementary natural oligonucleotide, either in a parallel (p) 
or antiparallel (ap) orientation. The results in Table 7 seem to 


Tablc 7. 7b, viilucs for rnixcd oligonucleolides with /vonc-4-HO-1.-NAP as sugar 
wbstitute in  a quest for strand orientalion. 


T, [a] (hypochromicity) Orientation [b] 


1 T:A:/d(A,T,) 36.9 (37%) P 
2 T:A:!d(T,A,) 38.8 (24%) "P 
3 dT,AH/d(A,Tq) 36.9 (36%) P 
4 dT,A$ 'd(T,A,) 39.2 (45%) aP 


7 d(TaL)/d(A*Tg) 14.6 (32%)' P 
8 d(TdA,)id(T&J 40.4 (40%) "P 


[a] T, ( ' C )  was measured in a 1 M NaCl hufrer containing 0 02m KH,PO,. pH 7 5 
and 0.1 inhi EDTA and 4 p ~  ofeach ON. [b] Either a parallel (p) or antiparallel (ap) 
orientation would allow full base pairing. [c] A small sccond transition is noticed at 
32 c. 


5 A,*,ld(A,Tq) 37.1 (42%) 5'-dA, overhang 
6 A,*/d(T,A,) 38.4 (30%) 3'-dA, overhang 


indicate the orientation probably to be antiparallel, but these 
results are not fully convincing. with only 2" difference for either 
a parallel or antiparallel orientation (entry 1 ,  2).  However, the 
discrimination remains small upon exchanging the thymine 
NAP'S for a natural thymidine sequence (entry 3 ,4) .  Therefore, 
no clear-cut conclusion can be drawn, but an a p  pairing seems 
more likely. Obviously, within the natural system the a p  orienta- 
tion is clearly favoured. 


Microculorirnetry 
An alternative option for stoichiometric determination of the 
different interactions was microcalorimetric titration. The 
calorimetric cell was filled with S ~ M  solution of the modified 
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A,,-oligomer and titrated with a I O O ~ M  solution of tride- 
cathymidine (or its congener). As can be dcduced from the 
titrations in 1 M NaCl (Figure lo), the 4-HO-~-fmn,c A* oligonu- 
cleotide clearly forms a 1 : 1 complex with thc complementary 
tridecathymidine (panel A) with a AH comparable to the A H  
obtained for the natural duplex (pancls E and F ) .  In contrast, 
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however, all other homooligonucleotide interactions consist of 
triple-stranded complexes with only one transition from single 
strand to triple-stranded complex (panels B. C, D). In the natu- 
ral system, the thymidine strand can interact only with the pre- 
formed duplex. and does so by the well-known Hoogsteen base 
pairing 


Mda Rabo 


iibabm of (W, 3 
Mh dig0 thynidne 
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Figure 10. Microcalorimetric titrations for the different hoinocomplexes 


Accordingly, a double transition (with clcarly different 
AH and K,  panel E) can be obtained when titrating at 
a temperature well below the melting temperature ob- 
tained under these conditions (1 M NaCI, 48 '  C). At 
higher temperature, only duplex formation is seen, 
while the triple-stranded complcx only contributes 
marginally to the heat produced above the 1 : 1 ratio 
(panel F). T,, determination (by UV absorption 
changes a t  260 nni) for thc triplex at 4pM in 1 M 


NaCl (1 :2 ratio of A,,:T,3) revealed only a very 
broad and weak transition with a maximum between 
25 and 30 "C. Analogously a second (very weak) inter- 
action could be seen for the ~ - H O - L - ~ Y ~ I S  A* oligonu- 
cleotide, but only by microcalorimetric titration. The 
formation of a triplex or no complex at all has previ- 
ously been described within the 2',5'-isoDNA se- 
r i e ~ , [ ~ ~ ]  as well as for homooligomcrs of acyclic 
adenosine 


Stability: The enzymatic stability of a modified tvrins- 
~-HO-L-NAP-A,,  (CCA:,) was probed by exposure 
to snake venom phosphodiesterasc (SVPDE). This 
enzyme is one of the 3'-exonucleases, which are gener- 
ally responsible for the degradation of natural nucleic 


As a reference, radiolabelled natural d A ,  , 
was also subjectcd to  degradation by SVPDE. After 
25 minutes of incubation, no more intact dA, ,  could 
be observed (Figure 11 A). In contrast, even after 24 h 
incubation of CCA:, under the same conditions, no 
degradation could be observed (Figure 11 B). 


Conclusions 


The synthesis of trans- and cis-4-HO-NAP-modified 
monomeric nucleosides and oligonucleotides is 
straightforward and gives high yields. Modified 
oligonucleotides incorporating trans-4-HO-~-NAP as 
sugar substitute display interesting hybridisation fea- 
tures with complementary sequences of natural nucleic 
acids. The modified AT3 oligomer forms heterodu- 
plexes with T,, a s  well as U 1 3 .  The stability of the 
duplexes equals that of the fully natural systems, and 
microcalorimetry records about the same enthalpy 
change upon duplex formation. The conformations 
too are comparable. The TT, oligomer forms a duplex 
only with complementary RNA. The stability of this 
duplex is low and, in contrast to natural duplexes as 
well as to the ATJT, , or ATJU, systems, cannot be 
improved by the addition of Mg2+ ions. The confor- 
mation of the duplex is, however, still similar to the 
natural T , J r A I 3  duplex. RNA selectivity has also 
been observed with 2'-5'-linked 3'-dcoxyoligonucle- 
otides,"] of which the present oligomers can be con- 
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Figure 1 I .  Aiitor~idiogr:iph <)].the enzymatic stcil~il i ty of natural dA, (A)  and the 
I ~ ~ I ~ - ~ - H O - N A P - A , ,  oligonuclcolides (B) againal SVPDE. analysrd o n  a 20 YO 
dcn:itui-ing polyacry1;imide gel. Oligonucleotides were incubated with SVPDE for 
i l ic  i i i i i e s  indicaied o i l  top. i i b  described in  the experimental section. 


sidercd to be analogues. I t  is clear that the natural nucleic acids 
preferentially hybridise with L-hydroxyprolinol nucleic acids 
over the D-hydroxyprohol oligomcrs. PolyU sccnis to be the 
most versatile acceptor of hydroxyprolinol oligonucleotides hy-  
bridising with c,is-r.A:,, ~ ~ u M s - L A : ~  and cmz,s-DA:3. These inter- 
actions, however, are probably of a different nature, with for- 
mation of triple-stranded complexes as proven for DNA as the 
counterpart. When further characteristics important for anti- 
sense potential are investigated, the AT,-mer proves to be stable 
against SVPDE degradation. On the othcr hand it shows a di- 
minished sequence-specific interaction as compared to natural 
DNA. Howcvcr, a mixed. non-self-complementary A*,T* se- 
quence accepts neither complementary DNA nor complemen- 
tary RNA as hybridisation partner in either parallel or in an- 
tiparallcl orientation. This seems to indicate a conformational 
incompatibility bctween the A*- and T*-nucleotides, although 
hybridisation by Hoogsteen or reverse-Hoogsteen pairing may 
also be involved. In this case the absence of hybridisation with 
:i mixed A*T* sequence might be due to the instability of a 
duplex composed ofa  W C or reverse W-C oriented T* and a 
Hoogsteen or  reverse-Hoogsteen oriented A*. 


All-adenine oligonucleotides built from cis-4-hydroxy-N- 
acetyI-r~-prolinol, (2S.4S). hybridise with their RNA comple- 
ment a s  wcll as their DNA complement. The stability of the 
complexcs is low. Microcalorimetric titration proves the inter- 


action with DNA as the complement to be triple-stranded in 
nature: a direct transition of the single-stranded A to a triple- 
stranded TAT complex is observed. By analogy, we believe the 
interactions with RNA as the complement to be of the same 
nature. cis-D-Compounds do not hybridise. Other pairing sys- 
tems with low stability are the ~PYVLY-D.~* : polyU heteroduplexes 
and the homocomplexes rruns-LA* : trccns-LT* and trum- 
~ A * : t r a r ~ s - ~ T * .  The latter two interactions are again of a TAT- 
like nature with only a single transition. These are new examples 
of isochiral 17y-pu-p~ pairing systems as found in naturai nu- 
cleic acids. 


Experimental Section 


Ultrnviolct spectra were recorded with a Philips PU 8740 UV/Vis spectropho- 
tomcter. The 'H NMR and I3C spectra were recordcd with a Varian Gemini 
200 spectrometer, thc "'P spectra with a Varian Unity 500 spectrometer. 
Tetraniethylsilane was used as internal standard for the 'H NMR spectra 
(s = singlet, d = doublet. t = triplet. br = broad signal, m = niultiplet). 
[D,]I>MSO (6 = 39.6), CDCI, (8 =76.9) or CD,OD (8  = 49.0) for thc I3C 
NMR qpectra and 85% H,PO, i n  HZO for the " ' P  NMR spectra. Mass 
spectrometry measurements wcrc obtained using a Kratos Concept 1 H mass 
spectrometer. Elemental analyses were perforrncd by Prof. Dr. W. Pfleiderer. 
Univcrsitat Konstanr (Germany). Anhydrous solvents wcrc obtaincd as fol- 
lows: DMF was stored on molecular sieves (3 A) for 48 h prior to use. 
Pyridine and triethylaminc wcrc refluxed overnight on potassium hydroxide 
and distilled. Methanol was refluxed with magnesium iodine overnight and 
distillcd. Tetrahydrofuran (THF)  was rcfluxcd overnight o n  lithium alumini- 
uni hydride and distillcd iinmcdiately prioi- to use. Dichloromethnnc wiis 
stored on calcium hydridc. rcfluxed and distilled. n-Hexane and acetone. uscd 
i n  tlic purification ofphosphoramidiirs. were purified by distillation. Precout- 
cd Machcry Nagel Alugrain '' sil G /UV 254 plates were used for TLC and the 
products were visualised with UV light and sulfuric acid;anisaldehyde spray 
or KMnO, solution. Column chromatography was pcrfornied on Janssen 
Chimica silica gel (0 .2-~0 .5  mmn, pore si7e 4 nm), flash chromatography on 
Janssen Chimica silica gel (0.035--0.07 mm, pore size 6 nm). 


9-(tcrt-Butyloxycarbonylmethyl)adenine: A 60% NaH oil dispersion ( I  .36 g. 
34mmol) was added to adenine (4 g. 29.6mmol). suspended in D M F  
(60 niL).  Aftcr stirring [or 1 I i  a t  RT, tut-butyl bromoacctatc (8.6 mL. 
45 mmol) was added dropwisc and the mixture was stirrcd further overnight. 
After ;igitation with water, a precipitate formcd which was filtered off and 
washed with liexane to remove excess bromoacctate. The filtrate was evapo- 
rated anti the residue was triturated with water, filtered off under suction and 
dried to givc thc product. An analytical sample was obtaincd by crystallisa- 
tion from ethyl acetatc. Total yield: 4.1 g (16 5 mmol, 5 5 % ) .  'H NMR 
([D,]DMSO): 6 ~ 1 . 4 3  (s, 9 H ,  3 Me),  4.96 (s. 2H,  CH,). 7.27 (brs. 2H,  
NH2),X.11 (s. lH ,H-X) ,8 .15 (~ .1  H,H-2); '3CNMR([D,]DMSO):5 = 2 7 8  
(3 Me), 44.6 (CMc,). 82.1 (CH,), 118.4(C-5), 141.5 (C-X), 149.8 (C-4). 152.7 
(C-2). 126.0 (C-6). 167.1 (CO); LSIMS (Thgly): nz , '~  = 250 ([&'+HI'. 40). 
194 ([MH ~ C,H,]+, 100); HRMS C,,H,,N,O,:  calcd 250 1304. found 
250.1299: eleni anal. C, ,H, ,N,O,  (249 3): calcd C 53.00. H 6.07. N 2X.10. 
iound C 52.95, H 6.05. N 27.85. 


N'--Renxoyl-9-(tert-butyloxycarbonylniethyl~ddenine: 9-(rc.rr-butylorycar- 
bonylmethyl)adenine (9.67 g, 38.8 mmol) was evaporated with pyridinc and 
dissolved in anhydrous pyridine (200 mL) ,  to which benmyl chloride (9 mL. 
77 mrnol) was added. The reaction mixture was stirred overnight and was 
queiichetl by addition of methanol. Evaporation left an oil which was parti- 
tioned between dichloromcthane and an aqueous saturatcd sodium bicarhon- 
ate solution. The organic laycr was evaporated and the residue treated with 
a 2 M ainiiionia/'methanol mixture ( 1  : I )  from which the desired product prc- 
cipitatrd Furtheu product was obtaincd upon chromatographic purification 
of the filtrate to yield a total of 9.178 (26mmol.  67%) .  ' H N M K  
([D6]DMSO):S=1.44(s,9H,3Me).5.11 ( s ,2H.CH2) .7 .50  7.70(m.3H, 
aryl) ,  8.02 8.09 (m, 2 H ,  aryl), 8.45 (s. I H ,  H-8). 8.74 (s. 1H. H-2). 11.10 
(brs,  NH):  I3C NMR ([DJDMSO): (5 = 27.7 (3 Me). 44.9 (CMe,), 82.4 
(CH,). 125.0 (C-5). 128.5 (Co. c,-aryl), 132.5 (c,-aryl), 133.5 (c,-aryl), 145.2 
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(C-8), 150.2 (C-4), 151.7 (C-2), 152.7 (C-6), 165.6 (NHCO), 166.8 (COO); 
LSlMS (Thgly): m/z = 354 ([M+H]+,  7 9 ,  298 ([MH - C,H,]+. loo), 105 
(C,H,CO ', 80); HRMS C,,H,,N,O,: calcd 354.1566. found 354.1562: el- 
em anal. Ci,H,,N,O,~0.5H,O (362.39): calcd C 59.66, H 5.56, N 19.33; 
found C 59.60. H 5.75, N 19.30. 


N6-Benzoyl-9-(carboxymethyl)adenine: The matcrial obtained in the previous 
preparation (8.28 g, 23.4 mmol) was dissolved in dichloromcthane (100 mL) 
to which trilluoroacetic acid (20 mL) was added. The mixture was stirred for 
3days, evaporated and coevaporated with toluene to obtain an oil from 
which the desired compound was crystallised from water. Yield: 5.56 g 
(18.7mmo1, 80%) .  ' H N M R  ([DJDMSO): 6 = 4.54 (s, 2H,  CH,). 7.50 
7.70 (in, 3H.  m-,p-aryl), 8.0 8.1 (m, 2H,  o-aryl), 8.13 (s, 1 H ,  H-8). 8.65 (s, 


1 H, H-2), 11.05 (brs,  1 H, NH); I3C NMR ([D,]DMSO): d = 47.2 (CH,). 
125.2 (C-5). 128.6. 132.3, 133.8 (aryl), 146.2 (C-X), 149.5 (C-4), 150.9 (C-2), 
152.0 (C-6), 165.8 (amide), 168.2 (COOH); LSlMS (Thgly): m/; = 298 
([M+H]+,  loo), 105 (C,H,Co+, 60); HRMS C, ,H, ,N,03:  calcd 298.0940, 
found 298.0933. 


Condensation Reactions, Procedure 1 (1.1 a, 1.2a and 1.3a): 
4(R)-Hydroxy-2(S)-hydroxymethyl-N-~(thymin-l-yl)acetyl~pyrrolidine ( I .  1 a) : 
Thymin-I-yl acetic acid (2.513 g, 13.66 mmol) was preactivated for 5 niin 
with benzotriazol-I -yl-N-tetramethyluronium hexafluorophosphate (HBTU, 
6.2 g, 1.2 equiv) and I-hydroxy-l H-benzotriazole (HOBt, 2.2 g, 1.2 cquiv) in 


the presciice of N-methylmorpholine (2 cquiv) in a mixture of DMF/pyridine. 
The suspension was added to a solution of trtms-4-HO-~-prolinol (1.60 g, 
13.66 mmol) in DMF. The mixture became a clear solution after a few 
minutes and was lcft to react at room temperature for 2 h. After addition of 
water, the solvent was evaporated and the mixture was purified by column 
chromatography (90/10 CH,CI,/MeOH). Compound 1.1 a was obtained as a 
foam in 65 %O yield (2.53 g). 
4(R)-Hydroxy-2(R)-hydroxymethyl-N-~(thymin-l-yl)acetyl~pyrrolidine ( 1.3 a) : 
By the same procedure as described above. the reaction of cis-4-HO-prolinol 
(0.75 g) with thymin-1-yl acetic acid (1.2 equiv) gave l . 16g  (64%) of 1.3a. 


Condensation Reactions, Procedure 2 (2.1 a, 2 2 a ,  2.3a, 2.4 a): 
4(R)-Hydroxy-Z(S)-hydroxymethyl-N-[ (N6-benzoyladenin-9-yl)acetyll- 
pyrrolidine (2.1 a): N'-bcnzoyladenin-Y-yI acetic acid (1.90 g, 6.4 mmol) was 
preactivatcd for 5 min with 1,3-dicyclohexylcarbodiimide (DCC, 1.60 g, 
7.68 mmol) and HOBt (1.04 g, 7.68 mmol) in the presence of N-methylmor- 
pholine (2 equiv) in DMF. This solution was added to rrans-4-HO-i.-proIinol 
(0.75 g, 6.4 mmol) in D M F  and left to react at room temperature overnight. 
After addition of H,O, evaporation of the solvent and purification by column 
chromatography (95/5 CH,CI,!MeOH with 0.1 % triethylamine), 0.99 g 
(40%) of 2.1 a was obtained as a foam. 
4(R)-Hydroxy-2(R)-bydroxymethyl-N-~(Nh-benzoyladenin-9-yl)acetyl~- 
pyrrolidine (2.3a): Reaction of cis-D-prolinol (0.93 g) with N%nzoyladen- 
in-9-yl acetic acid (1 equiv) as dcscribed for 2.1 a gave 2 g (64%) of 2.3a. This 
product could not be purified at this stage to allow meaningful analysis. 


Monomethoxytritylation Rcactions ( l . l b ,  1.2b, 1.3b, 2.lb,  2.2b, 2.3b, 2.4b, 
1.1 d, 1.2d): Monomelhoxytritylation was carried out in anhydrous pyridine 
and under heating (40-50-C). Reactions were monitored by TLC and 
worked up when the amount of tritylated product seemed to have reached a 
maximum. The amount ofp-anisylchlorodiphenylmethaiie used and the reac- 
tion timcs necessary ranged from 1.2 to 5 equiv and 1 night to 7 days. Reac- 
tion outcome also met with variable success, yields ranging from 50 to 90"h 
(averaging 60%).  
4(R)-Hydroxy-2(S)-monomethoxytrityloxymethyl-N-[( thymin-1-yl)acetyl]- 
pyrrolidine (1.1 b): Starting from 1.1 a (0.342 g) with p-anisylchlorodiphenyl- 
methane (3  equiv). 62% of 1. lb was obtained. 


4(R)-Hydroxy-2(R)-monomethoxytrityloxymethyl-N-[(thymin-l-yl)acetyl~- 
pyrrolidine (1.3 b): Compound 1.3a (0.30 g) with p-anisylchlorodiphenyl- 
methane (4 equiv) gave 90% 1.3b. 
4(R)-Hydroxy-2(S)-monomethoxytrityloxymethyl-N-~(N6-benzoyladenin-9- 
y1)acetyllpyrroljdine (2.1 b): Compound 2.1 a (0.69 g) with p-ani- 
sylchlorodiphenylmethane (2 equiv) gave 84% of 2.1 b. 
4(S)-Monomethoxytrityloxy-2(R)-tert-butyldimethylsilyloxymethyl-N-~ (thy- 
min-I-yl)acetylJpyrrolidine (1.2d): From 1 . 2 ~  (0.99 g) and p-ani- 
sylchlorodiphenylmethane (2.5 cquiv), 85% of 1.2d was obtained. According 
to TLC analysis, this product was identical to I . ld.  


4(R)-Monomethoxytrityloxy-2(.~)-(ferf-butyldimcthylsilyloxymethyl-.~-~ (thy- 
min-1-y1)acetyllpyrrolidine ( L l d ) :  Compound 1.1 c (0.56 g) with pan i -  
sylchlorodiphenylinethane (2 equiv) gave 75 O/O of 1.1 d. 
4(R)-Hydroxy-2(R)-monomethoxytrityloxymetbyl-N-[(N6-ben~oyladcnin-9- 
y1)acetyllpyrrolidine (2.3 b): Starting matcrials 2.3 a (0.77 g) and p-ani- 
sylchlorodiphenylmcthane (2.5 equiv) yielded 64% of 2.3 b. 


Silylation ( l . lc ,  12c ,  1 . 3 ~ ) :  
4(R)-Hydroxy-2(S)-tert-butyldimethylsilyloxymethyl-N-~(thymin-l -yl)acetyll- 
pyrrolidine ( 1 . 1 ~ ) :  Compound l . l a  (0.67 g, 2.36 mmol) was silylatcd at the 
primary alcohol using tc.rr-butyldimethylsilylchloride (0.426 g. 2.83 mmol. 
1.2 equiv) and imidazolc (1.3 equiv) in DMF. The reaction was allowed to 
proceed for 48 h. After evaporation and column Chromatography 0.64 g 
(68%) of I . l c  was obtained as a foain. 
Compound 1 . 3 ~  was analogously prepared from 1.3a (1.51 6) a n d  fw/ -  
butyldimethylsilylchloride (1.4 equiv), which gave 53'1/0 of 1 . 3 ~ .  


Desilylation ( l . l e ,  1.2e): 
2(S)-Hydroxymethyl-4(R)-monomethoxytrityloxy-N-~ (thymin- 1 -yl)acetyll- 
pyrrolidine (1.le):  Compound l . l d  (700 mg, 1.46 mmol) in anhydrous T H F  
was desilylated using TBAF (1 M solution in T H E  1 . I  5 mL. 1 . I  5 inmol). After 
45 min the mixture was evaporated and purified by column chromatography 
(95j5 CH,CI,/MeOH) providing 443 mg (76%) o f  l . l e  
Compound 1.2e was analogously prepared in 90% yield from 1.2d (1.35 g). 


Mitsunobu Reactions (1.2b, 2.2b, 2.4b, 1 . 2 ~ ) :  The protected compound to- 
gether with triphenylphosphine (1.6 equiv) and p-N02-ben70ic acid 
(1.6 equiv) was suspended in T H F  and treated dropwise with a solution of 
diethylazodicarboxylate (DEAD, 1.6 equiv) dilutcd in T H E  The reaction wa\ 
left overnight and evapordtcd to yield an oil. The work-up to cleave thc 
pNO,-benzoic acid ester used MeOH/NH, for thymine nuclcosides and 0 . 6 ~  
NaOH in EtOH,'pyridine (5 min, RT) for adenine compounds to siifoguard 
thc benzoyl protecting group on N 6. Evapoi-ation. extraction and siiicii gel 
purification (98/2 CH,Cl,jMeOH 4 95/5 CH,CI,, MeOH) provided the rc- 
quired stereomers. This procedure was uscd for the conversion of 1.3b 


(65%) and 1 . 3 ~  (1.13 g) to 1 . 2 ~  (85%).  The latter compound was identical 
to 1 . 1 ~  according to TLC analysis. 


( 0 . 5 0 g )  to 1.2b ( 5 3 % ) ,  2.3h (1.92g) to 2.2b (84%), 2 . lb  (1 .57g)  to 2.4b 


Preparation of the Amidite Building Blocks (1.1, 1.1 i, 1.2, 1.2i. 2.1, 2.2, 2.3, 
2.4): About 1 mmol of the modified nuclcosidc, protected at  either the prima- 
ry or the sccondary alcohol, was treated with dry N.N-diisopropylethyl- 
a m h e  (3  equiv) and 2-cyanoetliyl-N,N-diisopr.opylchloropliosphoramidite 
(1.5 equiv) in dry dichloromethane (2.5 mL) and stirred at room temperature 
for 30 min. The reaction was quenched by adding ethanol (3 mL) and stirrcd 
further for 15 min. The mixture was washed with 5 YO sodium bicarbonate 
solution (30 mL) and saturated NaCl solution (three times 30 mL), drird nnd 
evaporated. Column chromatography with n-hex:ine,acctonc:triethylamine 
as eluent afforded the amidite The product thus obtained was dissolved in 
dry dichloromethanc (1 mL) and precipitated by dropwisc addition to cold 
(-70 'C) n-hexanc (100 mL). The product was isolated, washed with mhcx- 
ane, dried and used as such for DNA synthesis. Yiclds are listed in Table 8; 
I(, values, mass analysis and NMR data arc givcn i n  Table 0.  


Table 8. Yields obtained l'or the amidite building blocks. 


Yield (%) Yicld (%) 


1 .1  83 2.1 x7 
1.1 i 94 2.2 0 7 
1.2 92 2.3 97 
1.2i 92 2.4 X6 


Preparation of the Solid Support: Long chain allylaminc-controlled pore 
glass (LCAA-CPG) was derivatised with a 1,3-propanediol linker.'"'."' A 
mixture of LCAA ~ CPG (5 g), 4-dimethylaminopyridinc (DMAP, 
0.5 equiv), Et3N (2.88 cquiv), 1-(3-dimethylaininopropyl)-3-ethylc~irbodi- 
imide.HCI (0.9 equiv), and DIC (4.1 equiv) in anhydrous pyridinc (40 m L )  
with I-O-dimethoxytritylated 1,3-propanediol suceinale was tirst soriicated 
for 5 min and then shaken at room temperature for 24 hours. After shaking, 
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FULL PAPER 


Tahle 0 Phosphoramidite analyses 


1.1 
1.1 i 
1.2 
1.2i 
2. I 
2.2 
2.3 
2.4 


3Y 49 1 
4Y 44 2 
49 49 2 
4'1 49 2 
2x 70 2 
49 49 2 
28 70 2 
28 70 2 


0.47 756 o w + i i ) -  
0.45 756 ( M + H ) -  
0.44 754 ( M  - H)- 
0.38 754 ( M  ~- H) 
0 6 6  867 (M - H )  
0.30 867 (M - H -  
0.50 t i 6 7 ( ~  - H )  
0.50 867(M - H) 


Ibl Ibl 
[hl [hl 
l4Y.79 (149.25) [c] 
149 96 (150.36) [c] 
149.97 (149.72) [c] 
149.97 (149.72) [c] 
150.09 (14') 62) [c] 
150.11 (149 64) [c] 


148.57 (148.60) [c] 
149.49 (149.92) [c] 
148 69 (149.09) [c ]  
14X.69 (149.09) [c] 
149.86 (149.51) [c] 
149.87 (149 53) [c] 


[a ]  Thc r:itios given :ire those for the syytem n-hexane ;icetone! triethylamine. [b] Not 
assc\scd. [c] The numbers in brackets :ire t h c  ininoi- peaks. 


tlie C'PG was filtered offund washed successively with pyridine, methanol and 
chloroform and then dried in v~c i io .  The unrcacted sites wcrc capped using 
1 -mcthyliiiiidazole in TI 11: (Applicd Biosystenis) and acetic anhydridelln- 
tidinc:THF I : 1 :X (Applied Biosystenis). After shaking for 2 hours the CPG 
was filtered off again. washed with chloroform and dried in vacuo. Colori- 
melt-ic dimcthoxytrityl analysis indicated a loading of 64 pniolg- I. 


Oligonucleotide Synthesis: Oligonucleotide synthesis was carried out on iiii 


automated DNA syiithesiscr using the pliosplioraiiiiditc approach, model 
AB1381 A (Applied Biosystenis). Condensations were rim at 0 . 1 3 ~  of the 
rcspcctive modified building block for 3 min to ensure adequate coupling 
yields. lntermcdiatc deprotection of the monoincthoxytrityl protecting group 
was achicvcd by prolonged acid treatment (90 s). The obtained scquences 
wcrc dcprolected and cleaved from the solid support by treatmcnt with con- 
centrated ammonia a t  55 "C for 16 h. After a first purification on a NAP- 10'' 
column (Sephadex G25-DNA grade), it Mono-Q" HR 10;lO anion exchange 
column (Pharmaci;i) was used with the following gradient systems: 


NaC'I (0 9 ~ ) .  The gradient used depended on tlie oligonucleotide. Flow rate 
2 m l m i n -  I .  The low-pressure liquid chromatography system consisted of a 
Mcrck -Hilachi L6200A Intelligent pump, a Mono-Q HR 10/10 column, a 
Uvicord SI I21 38 UV detector (Pharmacia-LKB) and a recorder. Product- 
containing f~ictioiis wei-c imnieditately ncutmlised by addition of  aqueous 
iiinnicmium iicctatc. Following concentrations. the eluent was desalted on a 
N A P  1 0  column and lyophilised. 


U V  Melting Experimcnts and Wavelength Scans: U V  mclting experiments and 
wakelength scans wcrc recorded using a Uvikon 940 spectrophotometer. 
Samples were dissolved in 8 buffcr solution containins 0.1 or 1 M NaCI. 0.02M 
po(assium phosphate, pH 7.5, 0.1 m~ EDTA. The oligomcr concentration 
was determined by measuring the absorbance at  80 C and assuming cxtinc- 
t ion coefficients i n  the denatured state of8500 for T, 15000 for A and 10000 
for 1J. The concentration in all experiments was 4 PM of each strand. Cuvettcs 
were kept a t  constant tcinpci-attire with water circulating through the cuvette 
holder and with a thermistor immersed directly in the cuvette. For the melting 
experiments, temperature control and data acquisition were carried out auto- 
matically with a n  IBMiPC AT compatible computer. The samples were heat- 
ed and coolcd a t  a rate of0.2"Cmiii- '  with data sampling every 30 seconds. 
T,, values wcre determined from the maximum of the first derivative curve. 
If a substantial difference could be detected betwccn heating and cooling 
mclting curvcs. both recorded T,s are givcn (first figure relates to heating 
experiment). 


UV Mixing Curves: UV mixing curves were obtained by titration of a 6 p ~  
sctluiion of one strand with :I 6 p t  solution of its complement. Experiments 
\bere run in a buffel- containing I M NaCI. 0.02 M potassium phosphate pH 7.5 
and 0.1 p~ EDTA at a temperature of 10 C. Data were recorded with a 
Uvikon 940 spectrophotometer after stabilisation or the absorbance. 


CD Spectra: CD spectra were recordcd on a JASCO-600 spectropolarimetcr 
in thermostaticnlly controlled ( 5  C) 1 cm cuvettes. Samples were dissolved in 
the 1 M NaCl buffer uscd for the UV melting experiments, which was ah0 run 
as b;isclinc. 


Gel Mohility Shift Assays: Oligo(ribo)nucleotides were radiolabelled (3zP) at 
thc 5' end by mcans of T 4  polynucleotide kinase (Gihco BRL) and [;- 
"PIATP (4500 Ci mmol I .  ICN)  hy utandard p r o c e d u r e ~ ' ~ ~ ]  and purified on 


A :  NaOH. pH 12.0 ( I O n l M ) .  NaCl (0.1 V): B:  NaOH, pH 12.0 (10t l lM) .  


P. Herdewijn et al. 


:I NAP-5 column (Phariiiacia). The radiolabellcd oIifo(ribo)nucleotides were 
dissolved i n  a buffcr containing KCI (140lliM). Na2HP0,  (5mhi). MgCI, 
(IOnin), spermine ( I  mM) and  glycerol ( 5 5 " ) .  Samples were mixed and heated 
at XO C for 3 min. slowly coolcd. and stored at 10 C for 4 h. The concentra- 
tion of {he "P-labelled oligo(ribo)iiucleotide was held constant :it 0.33 jlxr 


throughout. The concentration or the complemcntary unlabelled strand \\as 
0.16.0.33.0.67, 1.67.3.33or 16.67pM(0.5. 1 ,2 ,5 ,  10and 50equivrespective- 
ly) .  The samples were analysed on :I 1 5 %  nondenaturing polyacrylnmide gel 
[ 19: 1 acrylamide: N,N'-~ncthylenchisacr~l~imide). Blcctrophoresis w a s  per- 
formed at 10°C (Haakc K 20and DC3 cooling unit a t  2 C )  with TBM buffer 
( 8 9 m M  trisborate, 5mM MgCIZ. pH 8) a t  2 W over 3 h. The gels were v&u- 
alised by autoradiography. 


Enzymatic Degradation: Oligonucleotidcs were radiolabellcd ("2P) at the 5' 
end a s  described above and dissolved in H,O. In  a total rcaction volume of 
100 pL, radiolabelled oligonucleolide (50 pmol) was incubated for 5 min :it 


37'C i n  ii bufl'er containing Tris-HCI pH 8.6 (100mM). NaCI ( 1 0 0 m ~ )  and 
MgCI, (14mv). Degradation w wrted by addition o f 4  x l o - "  U of snakc- 
venom phohphodiesterase (Crotnlu.\ udmiunlerrs kenom. Pharmacia). The 
mixture wits further incubated at  37 C .  At appropi-iate tiinc intervals 4 pL 
aliquots wcre withdrawn. niixcd with an equal volume of stop mix (50m~ 
EDTA, 0.1 % xylcne cyanol FF and 0.1 'YO hromophenol blue in 90% for- 
maniide) and chilled on ice. Samples werc analysed by denaturing 20% PAGE 
(1  9: 1 acrylamide: N.N'-inethylenebisacrylainide) containing urea (X.3 M )  with 
TBE buffcr'4"J at 400 V over 4.5 h, followed by autoradiograph) and scan- 
ning laser densitometry. Dcnsitonietry was  performed with a DeskT-op Den- 
sitometer (pdi. NY. USA) equipped with T h e  Discovery Series" (Diversit) 
One" )  software. 


Mass Spectrometric Analysis of Oligonucleotides: The appropriate oligonucle- 
otide ( 5  nniol) was taken up iii 0.2 M triethylamnionium bicarbon;ite (TEAB). 
pH X (0.5 mL) and loaded o n  a C , ,  cartridge (Waters) preequilibrnted with 
aqueous TEAB. After washing the cartridge with TEAB solution (2 mL). the 
oligomer was eluted with Me0H:TEAB 0.2 M 1 : I  and the eluate W;IS 


lyophiliscd Immediately before use. the samples were dissolved in B mixture 
of acetonitrile:O.01 M ammonium acetate 1 : I  (300 pL) (final concentration of 
the oligonuclcotide about 16 p m o l ~ L  '). Elcctrospray ionisation mass spec- 
tra were recorded in negative mode on a VG Quattro I I  mass spectrometer 
(Micromass, Manchcster, UK) equipped with a Mass Lynx data system. The 
sample spray flow was set to 10 pLniin ~ ' .  Five spectra were acquired and  
summed in MCA mode i n  the 07;; range 500 to 1500. The molecular weights 
were determined by application of the niaxinium entropy algorithm. 


Analytical Data 
I3C N M R :  The first number indicates the shift of the major signals. except 
for signals assigned to aromatics 


4(R)-Hydroxy-2(S)-hydroxymethyl-N-[(thymin-l-yl)acetyl~pyrrolidine ( 1.1 a) : 
' H N M R  (1120): 6 =1.8 (s, 3 H ,  CH,). 2.0-2.2 (in. 2H.  11-3). 3.5 3.9 (m. 
5 H, CH,OH, H-5, H-2),4.1 4.3 (br, 1 11. €4.4). 4.6 (d. 2H.  CHL).  7.3 (s. 1 H ,  
H-6 ofthymine); I3C N M R  (D,O): ii = 11.7 (CH,). 35.2 and 36.6 (C-3) .  50.6 
and 50.5 (CH,), 54.9 and 54.0 (C-5) .  58.9 and 58.2 (C-2) .  61.5 and 63.5 
(CH,OH). 69.9 and 68.8 (C-4). 111.5 (C-5 ofthymine). 143.6 and 143.8 (C-6 
of thymine), 152.8 (C-2 ofthymine).  167.7 (C-4 of thymine). 168.0 (amide): 
UV (MeOH): I.,,,, (c) = 268 nm (10100); LSIMS (Thgly): 117 r = 284 
[ M + H ] + ,  167 [BCH,CO]', 118 [aminodiol+?H]+: HRMS C,,H,,N,O,:  
calcd 284.1246. found 284.1236: clcin. anal. CI2H,,N3O,:  calcd C 50.X8. H 
6.05, N 14.83: found C 50.62. H 5.X2, N 14.57. 


4(S)-Hydroxy-2(R)-hydroxymethyl-N-~(thymin-l-yl)acetyl~pyrrolidine (1.2 a):  
' H N M R  (D,O): b =1.8 (s, 3H.  CH,). 2.0-2.2 (m. 2H. H-3). 3.4 3.9 (m. 
5H.CH2OH.H-5.H-2) ,4 . I  4 . 3 ( b r , l H . H - 4 ) . 4 . 6 ( d , ? H , C H , ) . 7 1 ( s . l H .  
H-6 of thymine); ' ,C NMK (D,O): 6 = 11.8 (CH,). 35 2 and 36.6 (C-3). 50.6 
(CH,). 54.9 and 54.0(C-5), 58.9and58.2(C-2). 61.5 and63 .5 (CH20H) ,  69.9 
and  68.8 (C-4), 11 1.4 (C-5 of thymine). 143.7 (C-6 of thymine). 153.0 (C-2 of 
thymine), 168.0 (C-4 of thymine), 168.0 (amide): UV (MeOH): ;.,,,,,x 


( i : )  = 269 nm (10300): LSIMS (Thgly): = 284 [,M+H]+. 167 
[BCH,CO]+. 118 [aminodiol+? HI-: HRMS (LSIMS) C,,H,,N,O,: calcd 
284.1246. found 284.1254: elcm. a n a l .  C,2H, ,N,30, :  calcd C 50.88. H 6.05. 
N 14.83: found C 50.71. H 6.17, N 14.67. 


4(R)-Hydroxy-2(R)-hydroxymethyl-N-[ (thymin-1-yl)acetyllpyrrolidine or cic- 
4-hydroxy-N-~(thymin-l-yl)acetyl~-o-proIinnl (1.3a): ' H N M R  (CD,OD): 
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Oligonucleotide Analogue Hybridisation 


h =1.9 (s, 3H,  CH,), 2.2-2.4 (in, 211. H-3), 3.2-4.0 (m, 5H.  CH,OH, H-5, 
H-2). 4.1 -4.3 (br. 1 H, H-4). 4.5 ( 5 ,  2H,  CH,), 7.3 (s. 1 H, H-6 of thyminc); 
I3C NMR (CD,OD): S =12.2 (CH,), 36.9 and 38.6 ( C - 3 ) ,  50.3 (CH,). 56.4 
(C-5) ,  60.5 (C-2). 63.1 and 65.6 (CH,OH), 71.0 and 69.3 (C-4), 11 1.0 (C-5 of 
thymine), 143.7 and 144.0 (C-6 of thyminc), 153.1 (C-2 of thymine). 166.8 
(C-4 of thymine), 168.2 (amide); UV (MeOH): i,;,, ( E )  = 268 nm (9600); 
LSIMS (Thgly): m / r  = 284 [M+H]+ ,  167 [BCH,CO]+, 118 [aminodi- 
o l + 2 H ] + ;  HRMS C,,H,,N,O,: calcd 284.1246, found 284.1229; elem. 
anal. C,,H,,N,O,: calcd C 50.88, H 6.05, N 14.83; found C 50.53. H 6.21. 
N 14.66. 


4(R)-Hydroxy-2(S)-monomethoxytrityloxymethyl-N-[ (thymin-1 -yl)acetylJ- 
pyrrolidine(l.lb): I3C NMR (CD,OD): 5 =11.4(CH3), 36.3 and 37.7 (C-3), 
49.4 (CH,), 54.3 and 54.1 (C-5). 54.8 (CH,O), 57.3 and 56.9 (C-2). 36.2 and 
65.8 (CH,OH), 69.9 and 68.7 (C-4), 110.9 (C-5 of thymine), 86.7, 113.0, 
127.7 ~130.6, 135.7, 144.9, 159.2 (MMTr), 142.7 (C-6 ofthymine). 152.1 (C-2 
of thymine), 166.2 (C-4 of thymine). 166.7 (amide): UV (MeOH): 1.,,, 
( I : )  = 231 nm (16700). 270 nm (11 600); LSIMS (Thgly. NaOAc): v7/1 = 578 
[M+Na]+ ,  600 [M+2Na]', 273 [MMTr]+: HRMS C,,H,,N,O,Na: calcd 
578.2267, found 578.2281 ; elem. anal. C3,H,,N,0;0.3H20: calcd C 68.51, 
H 6.04, N 7.49; found C 68.41, H 6.01, N 7.51. 


4(S)-Hydroxy-2(R)-monomethoxytrityloxymethyl-N-~(thymin- 1-y1)acetyll- 
pyrrolidine (1.2b): I3C NMR (CDCI,): d =12.3 (CH,), 36.0 and 37.8 (C-3), 
48.9 and 49.1 (CH,), 53.7 and 55.2 (C-5), 55.2 (CH,O), 56.5 and 55.8 (C-2) ,  
62.9 and 65.6 (CH,OH), 7.03 and 68.9 (C-4). 110.6 (C-5 of thymine). 86.1, 
87.6, 113.1, 126.8- 130.5, 135.5, 144.5, 158.8 (MMTr), 141.3 (C-6 of 
thymine), 151.6 (C-2 of thymine), 164.5 (C-4 of thyminc), 165.3 and 166.2 
(amide); UV (McOH): A,,, (c) = 231 nm (17300). 269nm (11700); LSIMS 
(Thgly, NaOAc): m/z = 578 [M+Na]+ ,  600 [M+2Na]+ ,  273 1MMli.I' : 
HRMS C,,H,,N,O,Na : calcd 578.2267, found 578.2247; clcm. anal. 
C,,H,,N,O;0.5H,O:calcdC68.07. H6.07,N7.44;foundC68.4O.H 6.13. 
N 7.40. 


4(R)-Hydroxy-2(R)-monomethoxytrityloxymethyl-N-~(thymin- I-yl)acetyll- 
pyrrolidine (1.3b): I3C NMR (CDCI,): 6 =12.1 (CH,), 36.5 and 38.1 (C-3), 
48.7 and 47.5 (CH,), 55.2 and 55.6 (C-5), 56.6 (CH,O), 57.5 and 57.1 (C-2),  
63.6 (CH,OH), 70.6 and 68.8 (C-4), 110.5 (C-5 of thymine), 87.0, 113.3, 
127.3-130.5, 134.4 (MMTr), 140.9 (C-6 of thymine), 150.6 (C-2 of thymine), 
165.4 (C-4 of thymine), 165.4 (amidt.), UV (McOH): R,,, ( i : )  = 231 nin 
(16800). 269 n m  (11600); LSIMS (Thgly, NaOAc): m/z = 578 [M+Na]+. 
600 [M+2Na]+ ,  273 [MMTr]+; HRMS C,,H,,N,O,Na: calcd 578.2267, 
found 578.2292; elem. anal. C,,H,,N,06.0.3H,0: calcd C 68.51. H 6.04. N 
7.49; found C 68.57, H 6.07, N 7.43. 


4(R)-Hydroxy-2(R)-te~~f-butyldimethylsilyloxymethyl-N-~(thymin-l-yl)acetyl~- 
pyrrolidine ( 1 . 3 ~ ) :  I3C N M R  (CDCI,): S = I 2 4  (CH,), 18.3 (C-Si), 25.8 
(CH,-Si), 36.9 (C-3). 48.7 (CH,), 57.1 (C-5) ,  59.1 (C-2), 63.2 (CH,OH), 70.0 
(C-4), 110.6(C-Softhymine). 140.8 (C-6ofthyminc), 151.0(C-2ofthymine), 
164.2 (C-4 o f  thymine), 165.6 (amide); clcm. anal. C,,H,,N,O,SI: calcd C 
54.38, H 7.86, N 10.57; found C 54.12, H 7.94. N 10.44. 


4(R)-Hydroxy-2(S)-tevt-bntyldirnethylsilyloxymethyl-N-~(thymin- I -yl)acetyll- 
pyrrolidine (1.1 c) and 4(S)-hydroxy-2(R)-terf-butyldimethylsiloxymethyl-~- 
[(thymin-I-y1)acetyllpyrrolidine ( 1 . 2 ~ ) :  I3C NMR (CDCI,): 6 = 12.4 (CH,), 
18.1 (C-Si), 25.8 (CH,-Si), 35.6(C-3),49.0(CH2), 55.6 (C-5), 58.2 (C-2) ,  62.2 
(CH,OH), 70.3 (C-4), 110.8 (C-5 ofthymine). 141.2 (C-(,ofthyniine), 151.5 
(C-2 of thymine), 164.8 (C-4 ofthymine).  165.2 (amide); UV (MeOH). i.,,, 
( I : )  = 270 nm (9700); LSIMS (Thgly): wt/z = 398 [ M + H ] + ,  167 [BCH,CO]+, 
232 [aminodiol+2H]+; HRMS C,,H,,N,O,Si: calcd 398.2111, found 
398.2121; clcm. anal. C,,H,,N,O,Si: calcd C 54.38, H 7.86, N 10.57; found 
C 54.20, H 7.77, N f0.25. "C NMR spectra are thc same as for 1 . 1 ~ .  elem. 
anal. CI8H,,N,O,Si: found C 54.32, H 7.95, N 10.21. 


4(R)-Monomethoxytrityloxy-2(S)-(tcrt-butyldimethylsilyloxymethyl-~- 
[(thymin-I-y1)acetyl~pyrrolidine (1.1 d) and 4(S)-monomethoxytrityloxy-2(R)- 
tevt-bntyldimethylsilyloxymethyl-N-~(thymin-l-yl)aeetyl~pyrrolidinc (1.2d): 
I3C NMR (CDCI,): b =12.2 (CH,), 17.8 and 25.6 (C-Si and CH,-S1); 34.7 
(C-3), 47.7 and 47.8 (CH,), 51.8 (C-S) ,  55.2 (OCH,<), 57.9 and 57.7 (C-2). 
63.0 and 65.6 (CH,OH), 72.5 and 71.0 (C-4), 110.2 (C-5 of thymine), 06.9, 
113.2, 127.0-130.0, 136.0, 144.7, 158.7 (MMTr), 140.8 (C-6 of thymine). 
150.9 (C-2 of thymine), 164.2 (C-4 of' thymine), 164.3 (amide); UV (MeOH): 


1997 -2010 


(6)  
: = 692 
692.313 


= 231 n m  (17000), 27011111 (12200); LSIMS (Thyly, NaOAc): i n .  


[M+Na]  + , 273 [MMTr]'; HRMS C,,H,,N,O,NaSi: calcd 
1, found 692.3156; elem. anal. C,,H4,N30hSi: calcd C 68.13. H 7.07. 


N 6.27; found C 68.29, H 7.08. N 6.51. I3C NMR data for 1.2d arc the sane  
a s  for I . ld Elem. anal. C,,H,,N,O,Si: found C 68.10. H 5.93. N 6.42. 


- 


C h ~ m  Eut J 1997 3. No 12 ( WILFY-VCH Verlag GmbH. D-69451 Weinhcim. 1997 0947-6530 97 0'312-2009 $17 5 0 +  5 0  0 2009 


2(S)-Hydroxymethyl-4(R)-monomethoxytrityloxy-~-~(tbymin- 1 -yl)acetyll- 
pyrrolidine (1. I e) and 2(R)-hydroxymethyl-4(S)-monomcthoxytrityloxy-~~- 
[(thymin-I-y1)acetyllpyrrolidine (1.2e): I3C NMR (CDCI,): 5 = 12.2 (CH,). 


72.0 (C-4), 110.6 (C-5 of thymine). 87.1, 113.4. 127.2 -130.0. 135.8. 144.5. 
158.8 (MMTr), 140.8 (C-6 of thymine). 151.2 (C-2 ol'thyininc). 164.2 (C-4 01' 
thymine), 165.9 (amide); UV (MeOH): ;.,n83x (I:) = 23 I nni ( 1  7 5 0 0 ) :  2OX nni 
(12200): LSIMS (Thgly, NaOAc): m z  = 578 [ M + N a ] + .  600 [M+2Na] ' ,  
273 [MMTr]', HRMS C,,H,,NJO,Na: calcd 578.2267. found 57822x3: 
elem. anal. C,,H,,N,O,.O.SH,O): calcd C 68.07. H 6.07. N 7.44; found C 
68.27, H 6.01. N 7.69. I3C NMR and LSIMS data for 1 . 2 ~  are the sanic ;IS 


for 1.1e. UV (MeOH): ( I : )  = 231 nin (17700). 268 n m  (12600): HRMS 
C,,H,,N,O,Na: calcd 578.2267, found 578 2263: eleni. a n a l .  


35.0 (C-3), 48.7 (CH,), 52.6 (C-5). 55.2 (OCH,), 60.0 (C-?), 64.1 (CH,OH). 


c,,H,,N,o,.o.s H,o): rounci c 67.~13. H 6.12, N 7 66. 


4( R)-H ydroxy-2(S)-hydroxymethyl-N-[ (N'--benzoyladenin-9-yl)acetyl~- 
pyrrolidine (2. la)  and 4(S)-hydroxy-2(S)-hydrouymethyl-N-[(Nh-ben~oy- 
ladenin-9-yl)acetyllpyrrolidine (2.2a): 'H  NMR ([D,]DMSO): (S = 1.8-2.1 
(m, 2H.  H-3), 3.3-3.8 (m. 4 H ,  CH,OH, H-5), 4.0-4.1 (br, 4H.  H-2). 4.2 
4.5 (m. 1 H. H-4), 5.2 5.3 (d. 2H,  CH,), 7.5-7.7 (in, 3H. aryl) .  8.0 8.2 (d. 
2H,  aryl). 8.4 (s, l H ,  H-X), 8.7 (s, 1 H,  H-2 of adenine); ' "C  NMR 
([D,]DMSO): 5 = 35.9 and 37.4 ( C - 3 ) ,  45.2 and 44.7 (CH?) .  54.3 and  53.8 
(C-S) ,  54.3 and 55.0 (CH,O). 58.5 and 57.7 (C-2 ) ,  61.2 and 63.7 (C'H20H). 
68.5 and 67.4 (C-4), 125.0 (C-5 of adenine). 132.6 and 133.7 (bcnzoyl). 145.8 
(C-8), 150.0(C-4ofadenine), 151.4(C-2ofiidmine), 152.9(C-6 ofndcninc). 
164.2 (Co-bi). 1649 (aniide); UV ( M e 0 H ) -  ;.n,,,T ( i : )  = 2x1 mi ( 2 2 2 0 0 ) ;  
LSIMS (Thgly): t i t / =  = 397 [ M + H ] + .  240 [BCH,CO]+; HRMS 
C,,H,,N,O,: calcd 397.1624, found 397.1622; elcm. anal. C,,H2,N,0,: 
calcdC57.57,H5.09,N21.20;foundC57.51,H 5.02.N21.03. ' H N M R a n d  
I3C NMR data for 2.2a are the same as for 2 . la .  Eleni. anal. C l ~ , l 1 2 ~ l N f , 0 d :  
found C 57.75, H 4.85, N 20.96. 


4(R)-Hydroxy-2(R)-hydroxymethyl-N-~(N6-ben~oyladenin-9-yI)acet~ 11- 
pyrrolidine (2.3a) a n d  4(S)-hydroxy-2(S)-hydroxymcthyl-N-[(N~-hcnzoy- 
ladenin-9-yl)acetyl)pyrrolidine (2.4a) As both c o m p o t ~ n d ~  pi oved wry dilli- 
cult to purify a t  this stage into an analytical pure form. they were directly 
monornethoxytritylated and identified as the respectivc dcrivatiscd c o n -  
pounds (2.3b and 2.4b). 


4(R)-Hydroxy-2(S)-monomethoxytrityloxymethyl-N-~(N~-ben~oyladenin-9- 
yl)acetyl]pyrrolidine (2.lb) and 4(S)-hydroxy-2(R)-monometho\ytrit)- 
loxymethyl-N-~(N6-ben~oyladenin-9-yl)acetyl~pyrrolidine (2.2 h) 
For 2. lb:  I3C NMR (CDCI,): 6 = 36.1 and 37.9 (C-3). 44.9 and 44.6 (Cl12). 
55.2 and 54.1 (C-5).  55.2 (OCH,). 56.7 and 56 2 (C-2). 62.8 and 65.7 
(CH,OH), 70.2and 68.7 (C-4), 86.2, 87.6. 113.0, 113.2. 126.9-130.3. 135.3. 
144.3, 158.4 (MMTr), 121.9 and 121.8 (C-5 o f  adenine). 12X.5. 132.5. 133.6 
(bcnzoyl), 144.1 and 143.7(C-8 ofadenine), 149.3 (C-4ofadenine),  152.4and 
151.1 (C-2 of adeninc), 152.4 (C-6 of adenine), 165.0 and 165.3 (CO). 165.2 
and 165.7 (amide); UV (MeOH): A,,,,, (c) = 232 nni  (2x000). 282 nin (22 200); 
LSIMS (Thgly. NaOAc): nzlz = 691 [M+H]+ .  105 [henroyl]+. 273 
[MMTr]': HRMS C,,H,,N,O,Na: calcd 691.2645. found 091.2602: clcin. 
anal. C,,H,,N,O,.H,O: calcd C 68.21. 1 1  5.58. N 12.24: found C 6X.07. H 
5.48, N 12.20. 
For 2.2b: I3C NMR (CDCI,): 6 = 36.2 and 38.0 (C-3). 44.9 and 44.6 (CH,), 
54.1 and 55.2 (C-5), 55.2 (OCH,), 56.7 end 56.5 (C-2 ) .  62.8 and 6.5.8 
(CH,OH),70.3and68.8(C-4),86.2,113.0,113.2. 126.0-130.3. 135.4, 144.1. 
158.5 (MMTr). 122.1 (C-5 of adenine), 132.7 and 133.7 (bcnzoyl), 144.2 iind 
144.3 (C-8 of adenine), 149.3 (C-4 of adcninc), 152.5 (C-2 ofadenine). 151.c1 
(C-6 o f  thymine). 164.1 (CO). 165.2 and 164.8 (aniide); UV (MeOH): 
( I : )  = 232 nm (28600), 282 inn (22200): LSIMS ( a s  2. lb);  HRMS 
C,,H,,N,O,Na: calcd 691.2645, found 691 2639; elem. ana l .  
C,,II,,N,O;1.5H,O: calcd C 67.32, H 5.05, N 12.08; found C 67.35. H 
5.31. N 12.03. 


4(R)-Hydroxy-2(R)-monomethoxytrityloxymethyl-~-~(Nh-be~~zoyladenin-9- 
y1)acetyllpyrrolidine (2.3b) and 4(S)-hydroxy-2(S)-monomethoxytrityloxy- 
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methyl-~-[(,Y6-benzoyladenin-9-yl)acetyl~pyrrolidine (2.4 b): 
For 2.3b: '"C N M R  (CDCI,): 6 = 36.5 a n d  38.0 (C-3) ,  44.9 and  44.7 (CH,). 
56.7 and  55.6 (C-5). 55.2 (OCH,), 57.7 a n d  57.5 (C-2). 63.4 a n d  66.2 
( C H 2 0 H ) .  70.4and 68.4(C-4). 88.2, 113.2, 127.2-130.4. 134.5, 144.2, 158.5 
( M M T r ) .  122.1 (C-5 ofadcnlne) ,  132.7 and  133.6 (benzoyl). 143.6 a n d  143.2 
(C-8 of adenine). 149.4 (C-4 of adenine). 152.5 a n d  1.52.5 (C-2 of adenine), 
152.0 (C-6 of adenine), 164.5 (CO), 164.5 (amide); U V  (MeOH):  i,,, 
(c )  = 232 (27900), 2x1 n m  (22300); 1-SIMS (Thgly, NaOAc) :  nz;z = 691 
[ M i  HI+.  105 [henzoyl]+, 273 [MMTr] ': H R M S  C,,H,,N,O,Na: calcd 
091.2645. found 691.2660; elem. anal. C,,H,?N,O,: calcd C 70.05, H 5.43. 
N 13.57: found C 69.96, H 5.62, N 12.67. 
For 2.4b: " C  N M R  (CDCI,) spectra are exactly the same as for 2.3b except 
for signals a t  Ci = 55.2 a n d  55.3 (C-9 ,  56.7 (OCH,),  144.0 a n d  143.6 (C-8 of' 
adenine). 149.4 a n d  149.3 (C-4 of adenmc); UV (MeOH): i.,,, (c) = 233 nm 
(17900), 2x2 nm (22500); LSIMS:  da ta  are the same as for  2.3b; H R M S  
C,,H,,N,O,Na: calcd 691.2645, found 691.2660; elem. anal. 
C,,H,,N,0s.0.7 H,O: calcd C 68.75, H 5.53. N 12.33; found C 68.69. H 
5.49. N 12.34. 
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(CUI)~CU,S~S,  : Copper Iodide as Solid Solvent for Thiometalate Ions 


Arno Pfitzner* 
Dedicated to Professor Huns Georg von Sclinering 


Abstract: (CuI),Cu,SbS, was prepared by 
solid-statc reaction of stoichiometric 
amounts of Cul, Cu, S, and Sb. The crys- 
tal structure was determined from single 
crystals a t  room temperature and - 80 'C. 
Red-orange (CuI),Cu,SbS, crystallizes in 
the orthorhombic system, space group 
P m r n  (no. 58) with u = 10.488(2), h = 


12.619(2), c =7.316(1) A, V =968.2(2) A3 
(20 'C) ,  and Z = 4. The distribution of 


the copper atoms was refined by using a Raman spectra of (CuI),Cu,SbS, are 
Gram-Charlier nonharmonic develop- dominated by strong bands for [SbS,I3 - 
ment of their atomic displacement units at 362 and 338 cm- ' .  The com- 
parameters, which indicated an increasing pound melts a t  492 "C (DTA, onset). Con- 
dynamic disorder from - 80 "C to 20 "C. ductivity measurements reveal high ionic 


conductivity (6.2 x 10-5R-Lcm-' at 
~ O T ,  2 . 9 x  10-3~-~cm-1 at 200'C) 


Keywords antimony * chalcogens with an activation energy of 0.35 eV 
copper iodine 7 solid-state structures (40-275 "C). 


Introduction 


In the past two decades preparative solid-state chemistry has 
made considerable progress by the use of either reactive flux 
techniques or the well-known solventothcrmal synthesis route. 
Alkali metal chalcogenide systems['] have proved particularly 
popular as flux mcdia, and the solventothermal mcdia employed 
have ranged from mineral acidsc2] to organic solvents.[3' Rccent- 
ly coppcr(1) halides havc been shown to be good solid solvents 
for numerous polymeric ncutuul or low charged main group mol- 
ecules or anions, respectively. Thus, chalcogen chains ,: [Se"], 


[Tc'], f [SeTe"], and f[STe"] ,[41 or chalcogcn rings [Sez]. 
[Se+ ,TepJ. arid [Se,-,yS:]r51 were obtained a s  copper(') halide 
adducts. Sevcral compounds could also be isolated in the cop- 
per(]) halide-phosphorus system such as the iicutrul polymers 
,l[Py,] (two different types) and [Pya] and low chnrgcdpolyan- 
ions f[P;;] and ,l[P;:] .''I 111 all these compounds copper atoms 
are coordinated both to halide ions and to atoms of the poly- 
meric chains of Group 15 or 16 elcments. From the crystal 
structures i t  becomes evident that the preferred positions for 
coordination are the lone pairs of electrons on these atoms. 
Ncvcrtheless. the bond lengths and angles in the main group 
polymers are not significantly influenced by surrounding copper 
atoms. Thus, it can be assumed that the structural flexibility of 
the copper halide matrix plays an important role for the three- 
dimensional arrangement of the polymers in the solid state. 
I t  may also act a s  a catalyst Tor the formation and help to 
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stabilize the neutrul or loiv charged molectilar fragments."] The 
existcnce of (Cul),Cu,TeS, shows that not only large polymeric 
molecules but also small anionic species, such as the [TeS,12- 
unit, can be obtained in a copper halide matrix."] In 
(CuI),Cu,TeS, the thiometalale ions are separated from each 
other by the surrounding copper halide. In several cases the 
prcsence of a large number of energetically almost equivalent 
sites results in a pronounced disorder of copper atoms and a 
noticcable ionic conductivity. Thus, these compounds can be 
regarded as a new class of ionic conductors.r61 Herein the prepa- 
ration, structural characterization, Raman spcctroscopic prop- 
erties, and ionic conductivity of (CuI),Cu,SbS, are reported. 
This compound was previously reported as Cu,SbS,I, in a short 
note in which only the lattice constants but no additional infor- 
mation was provided.[*' 


Results and Discussion 


Crystal Structure: Crystallographic details of the structure de- 
termination of (CuI),Cu,SbS, (Table 1) indicatc that the com- 
pound crystallizes in the orthorhombic space group Pnnrn. Thc 
ratio h;c = 1.7227 is close to  1/3,  which might suggest that the 
cell is hexagonal, but the X-ray powder pattern shows numerous 
rcflections that cannot be indexed by using the corresponding 
hexagonal cell. Table 2 contains the refined atomic coordinates 
and displacement parameters, Table 3 a lists selected inter- 
atomic distances and angles. The arrangement of thc 1- and 
[SbS,I3- ions in the crystal structure of (CuI),Cu,SbS, is shown 
in Figure 1. From a topological point of view the iodinc part of 
the anionic substructure can be derived from the hexagonal 
diamond structure (d(1-1)<4.3 A). Thus, the iodide ions form 
an eutactic network of six-membered rings in chair and boat 
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Table 1. Crystallographic data for (CuI),Cu,SbS, pa1 


fc~rmula 
h'[gtnol-'] 
apace group. formula unitv 
cry5tal dimensions (mrn] 
lattice constants [A] [h]: u 
h 


cell volume v [A3] 
ocnis.l [Bcln~ 7 
absorption coefficient 
 mod [mm-'1 
diffractorncter 


c 


scan typc 
absorption correction 
transmission ratio (max:min) 
scan range 
range in /&I 


measured reflections 
independent reflections, R,,, 
reflections used 
refined parameters 
program used 
final R'xR(I,,,) 
final R/wR(all reflections) 
goodners-of-fit 
extinction coefficient 
largest diff peak!hole [ e k  3] 


CusSbI,S, 
789.43 


Pnnni (no. SX), 2 = 4 
0.07 x 0.07 x 0.07 


10.488 (2) 10.531 ( 3 )  
12.619(2j 12.609(3j 
7.316(1j 7.278(1) 
968.2(2) 966.4(4) 
5.418 5.424 
20.49 20.52 


NONIUS CAD4. Mo,,, ;, = 0.71073 A, graphite 
monochromator, scintillation counter 


w scans 
I) scans 


0.961 :0.712 
20<60 


0 5 k 1 1 7  - 3 7 5 k 1 1 7  
0<1s10  os/sin 
3184 2938 
1511, 0.0452 1 501. 0.0405 
1211 ( / > l r ~ ( / ) )  1243 (/>2rT(/j) 
1 ox 105 


JANA96 [9] 
0.0378. 0.0606 0.0379, 0.0791 
0.0647, 0.0651 0.0555. 0.0X08 
1.45 1.96 
0.068(5) [c] 0.067(7) lc] 
2.271 - 2.83 


- 1 4 s h s 1 4  0 I h 1 1 4  


2.11, - 2.74 


[ a ]  Further details of the crystal structure investigations are available on request 
from thc Facliinformationsaentruin Karlsruhe, D-76344 Eggenstein-Leopoldshafcn 
(Germany), onquoting thedepoqitory numbcrs CSD-4069x8 ( T  = 20 C j  and CSD- 
406989 ( T  = - 80 C). [b] Powdei- data (20 C). single crystal data ( -  80 C). 
[c] Isotropic secondary extinction coircction, Type I. Lorentzinn distribution [lo]. 


conformation. Some of the iodine atoms are replaced by trigo- 
nal-pyramidal (pseudo-tetrahedral) [SbSJ3 units. As a conse- 
quence 1(2) has four iodine atoms as next nearest neighbors, 
whereas I(1) is surrounded only by three further iodine atoms. 
The pseudo-threefold axes of the [SbS,I3- units are oricnted 
parallel to [loo]. Distorted cmpty S, octahedra arc formed by 
two thioantimonate(I1r) ions around the origin and symmetry- 
related positions (Figure 2b). No additional sulfur atoms are 
found for antimony as next nearest neighbours. Similar to  


Abstract in German: (CuI)),Cu,SbS, ivurde durch Festkiirper- 
reaktion stiichiometrischer Mengen von Cul, Cu, S und Sh erlzal- 
ten. Die Krislull.vtruktur hei Raumtenprutur und ~ 80 "C kt'21rd~ 
an Einkristallen hestirnmt. Rot-oranges ( C d )  ,C.'u,ShS, kristalli- 
siert ortkorhnmbisch, Rnurngruppe Pnnm (Nr .  58) mit N = 


iO.488(2), 11 =12.6iY(2), c = 7.316ji) A ,  V = 968.212) k 3  
(20°C) und Z = 4. Die Vertcilung rier Kupferatome w r d e  mit 
einw Gram-Charlier Entwicklung deer Auslenkungspararneter ver- 
,feinert undso ~ ' u r d e  einc, mit stcigender Tenzper~itcrr zunehmende, 
dynamische Fehlordnung nachgewicscn. Ramanspektren von 
(Cur) ,Cu,SbS, zeigen im wescntlichen die intensiven Bunden der 
f ShS,I3--lonen bei 362 und 338 cm-. '. Die Verbindung schmilzt 
bei 492 "C (DTA, onset- Wert) . LeitfahigkeitsrnessunRen belegen 
eine Iiolze Ionenleitjahigkeit (6.2 x hei 50 "C, 
2.9 x 10- Q- cm- hei 200 " C )  verhunden mit einer Aktivie- 
rungsenergie von 0.35 ti V (40-275 " C )  . 


SZ- ' em- 


C b ,  


Figure 1. Section of the crystal structure or (Culj,Cu,SbS, showing the arrnnge- 
inent of 1- and [SbS,]" ions (Cu atoms are omitted). Iodine atoms are connected 
to emphasize the relation or their eutactic packing to the hexagonal diamond struc- 
ture. Sh: large dark spheres; S: small gray sphcrcs: I' large light gray spheres. 


(CUI) ,CU,T~S, [~~ the thiometalate ions can be regarded a s  iso- 
lated from each other in a copper iodide matrix. 


Using the nonharmonic approach to describe the disorder of 
the copper atoms, four different positions are obtained for 
them. Two positions (Cu(l), Cu(2)) are fully occupied and two 
are occupied only to an extent of about 50% (Cu(3), Cu(4); see 
Table 2). Figure 2 a  shows a section of the crystal structure of 
(Cul),Cu,SbS, parallel to (100). Cu(1) is located i n  a distorted 
tetrahedron comprising two sulfur and two iodine atoms. These 
tetrahedra are linked by common edges (I(1), I(2)) and common 
corners (S(l)), resulting in ribbons along [OOl]. A second ribbon 
built of only three-coordinate metal atoms-alternating Sb and 
Cu(Z)-runs parallel to [OOI] . The coordination sphere of anti- 
mony consists exclusively of sulfur atoms, whereas Cu(2) has 
two sulfur atoms (S(2)) and one iodine atom (l(2)) as neighbors. 
For Cu(2) an additional iodine atom (Ill)) is observed at a 
distance of d(Cu-I) = 3.4 A;  this Cu atom is located in one face 
of a tetrahedron formed by two sulfur and two iodine atoms (cf. 
Figure 5c). The positions of Cu(3) and Cu(4) are only partly 
occupied; in the refinement their occupancy factors were con- 
strained in such a way that the sum was equal to one. These 
atoms are located around the above-mentioned distorted S ,  
octahedron. They are only distributed on those six faces of the 
octahedron that are not parallel to  (100); electron density ap- 
propriate for the presence of a copper atom in the center of this 
octahedron is not observed. Taking distances smaller than 3 A 
into account, Cu(3) is four-coordinate, surrounded by [(I), I(2), 
S( l ) ,  and S(2), whereas Cu(4) is coordinated exclusivcly by three 
sulfur atoms (S(l ) ,  2 x S(2)). 


Distribution of the Copper Atoms: The conventional (harmonic) 
refinement of the crystal structurc a t  room tempcrature resulted 
in relatively large anisotropic displacement parameters of the 
copper atoms. In addition, eight positions with close neighbors 
and a refinement suffering from strong correlations were neces- 
sary to describe the distribution of copper. The anisotropic dis- 
placement parameters for copper deviate significantly from 
ideal (harmonic) behavior, which can be explained by a second- 
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4g 
4g 
4g 
4g 
811 
Xh 
811 
8h 
4g 
4g 
X t l  


48 
8h 
4e 


0.55054(7) 
0.08 147(6) 
0.31 107(6) 
0.19 17(2) 
0.31 69(2) 
0.2525(8) 
0 255(5) 
0.335( I )  
0.3031 (X) 
0.2486(7) 
0.4988(3) 
0.477(2) 


0 
0.01 8n(i 0 )  


0.2661 5(6) 
0.63998(5) 
O.OO655( 5) 
0.171 h(2)  
O.4239( 1 ) 
0.2413(9) 
0.25512) 
0.2534(7) 
0 538317) 
0.4936( 6) 
0.3453 3 j 
0.364( 2) 
0.049 S(10) 
0 


0 
0 
0 
0 
0.2582(2)  
0.277(2) 
0.244( 5 )  
0.208(2) 
0 
0 
0.1671(5) 
0.5 
0.222(2) 
0.246(2) 


1 
1 
1 
1 
1 
0.56(6) 
0.23(6) 
0.20( I)  
0.43(1) 
0.56(2) 
0.465(4) 
0.070(8) 
0.41(2) 
0.17(4) 


o . n i 9 w )  
0.0169(2) 
0.0130(2) 
0.0154(7) 
0.0184(5) 
0.022( 2) 
0.045(9) 
0.027(3) 
0.026(2) 
0.030( 1) 
0.059( I ) 
0.029(9) 
0.071(3) 
0.09( 2) 


0.0113(3) 
0.01 540) 
0.0095(3) 
0.01 3( 1 )  
0.0207(9) 
0.033(3) 
O.lI(3) 
0.032(5) 
0.035( 3 j 
0.044(3) 
0.025( 1 j 


0.021(3) 
0.006(6) 


0.0289(4) 
0.01 31 (3) 
0 0133(3) 
0.014(1) 
0 0222(9) 
0 019(2) 
0.012(5) 
0 023(3)  
0.025(3) 


O.OSX( 3) 


0.074(6) 
0.26(5) 


0.031 ( 3 )  


- 


0.01 60(3) 


0.0361(3) 
0.019(1) 
0.01 24(8) 
0.014(3) 


0.027(5) 
0 016(2) 
0.014(1) 
0.066(3) 


0.0222(3) 


0.01 0( 6 j 


- 


0.115(5) 
(J.OI(1) 


0.0006(3) 0 
0.0001 (1)  0 


- 0.0006(2) 0 
-0.0005(9) 0 


o.ooxo(7) - o.ono8(7) 
0.000(2) -0.001(2) 


-0.023(8) 0.009(5) 
0.000(3) - O.OO4(4) 
0.010(3) 0 
0.019(3) 0 
0.016(1) -0.014i I ) 


0.022(3) -0.01.5(3) 
-0.03(2) 0 


0 
0 
IJ 
0 


-0.0021 (7) 
0 000(2) 


-o.on4(4) 
-0.003(3) 


0 
0 
0 023(2)  


-0.025(3) 
0 


[a] C,,, is defined as one third of the trace of Ihe anisotropic C"' tensor. The anisotropic displaccnienl fiictor exponent takes thc form ( -  n ' ~ ~ G ' ' l u : ~ l ~ ~ l / i , / i , )  


Tahle .3a Selected interatomic distances [A] and angle.; ['I for (Cu!),Cu,ShS, at 
20 c kl]. 


S b ~  S(1) 
Sb S ( 2 )  
CU(l)* S(I) 
Cull)*-  S ( 2 )  
Cu(l)*-- I ( 1 )  
Cu(l)* l(2) 
CU(2)* - S ( 2 )  
CU(2)* I(2) 
Cu(3)*-S( 1 ) 
CU(3)"-S(2) 
CU(3)* l(1) 
CU(3)*--!(2) 
CU(4)* -- S( I )  


CU(4)* S(2) 
cti(4)* - s(?) 


3.43412) 
2 x  1.446(2) 


2.296(3) 
2.3113(2) 
2.750(3) 
2.785(3) 


2 x  ?.208(2) 


2.285(4) 
2.235(4) 
2.873(7) 


2. SO( 1) 


2.570(4) 


2.916(4) 


2 17(1) 
2.34( 1 )  


S( I)-Sh-S(2) 
S(2)-Sb-S(2) 
!(l)-clI(l)*-I(2) 
I (  I)-Cu(l)*-S( 1 )  
l ( 1  )-CU(l)*-S(2) 
1(2)-Cu(l )*.S(l) 
1(2)-Cu( 1 )*.S( 2) 
S(1 )-cu(l)*-s(2) 
1(2)-CU(2)*-S(2) 
S(2)-Cti(2)*-S(2) 


2 x  94.10(5) 
92.05(5) 
93.90(X) 
lO4.79(12) 
107.68(9) 
I20.09(9) 


118 13(13) 


11X.6(2) 


108.57(11) 


2 x  119.59(8) 


l(l)-Cu(l)* 2 x  
1(1)-Cu(3)* 2 x 
1(2 ) -cu ( l )*  2x 
I(2) - Cu( 2)* 
l ( 2 ) ~  CU(3)* 2 x  
S(I)-Sb 
S(1) CU(l)* 2 x  
S(1)- Cu(3)* 2 x 
S(l)-Cu(4)* 2 x 
S(Z)-Sb 
S(2) - C U ( l ) *  
S(2)-CU(2)* 
S(Z)-CU(3)* 
S(2) - CU(4)* 
S ( 2 )  o l ( 4 ) *  


I(l)-Cu(3)*-!(2) 
I( r)-cu(3)*-s(r) 


1(2)-ClI(3)*-S(l) 
!(2)-Cu(3 )*-S(2) 
S(I)-Cu(3)*-S(2) 
S(l)-cU(4)*-s(2) 
S(I)-Cu(4)*-S(2) 
S(2)-CU(4)*-S(2) 


I( I)-Cu(3)*-S(2) 


2 . 7 m  3) 
2.873(7) 
2.785(3) 
2.570(4) 
2.916(4) 
2.434(2) 
2.296(3) 
2.285(4) 
2.80(1) 
2.446(2) 
2.318(2) 
2.208(2) 
2.235(4) 
2.17(1) 
2.34(1) 


93.90(13) 
101 .4(l) 
91.3(2) 
X9.7(2) 
106.66(10) 
158.7(2) 
X7.6(3) 
126 2(5 )  
143.5(7) 


[a] Atoms ma]-ked with an asterisk refer to the mode positrons: Cu(l)* [0.2550(3), 
0.24X4(1). 0.2673(4)], Cu(2)* [0.2596(3). 0.5005(3). 0.1, Cu(3)* (0.4947(2). 
0.3464(3), 0.3597(10)]. and Cu(4)* [0.0211(10), 0.0516(12), 0 2155(7)]. 


order Jahn-Teller effect;" that is the occupied nd and unoccu- 
pied n + 1 s orbitals are mixed. Such an effect is often observed 
in  the crystal structures of d'* ions and becomes evident from 
the enlarged anisotropic displacement parameters of the corre- 
sponding atoms. This effect is most pronounced for Ag' and 
Cu+ ions but is also detectable for Zn2+ and C d 2 +  ioiis.['21 
Large displacement parameters are also found for copper or 
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Tahle 3b. Selccted interatomic distances [A] for (CuI),Cu,SbS, at -80-C 


Cu(l d)-S( I )  
cu(l ' l)-s(2) 
Cu( I d )  - I (  1 )  
Cu(1a) -I(?)  
Cu( lh)  S(1) 
Cu(1 h)-S(2) 


Cu(lb)-1(2) 
Cu(lc) S(1) 
CU( lc)-S(2) 
Cu(lc)-!(l) 
Cu(lc)-l(?) 
Ctl(2d) - S(2) 
Cll(2d)- l(1) 
Cu(2a) - l(2) 


Cu(lb)- l ( 1 )  


2.29(1) 
2.40(2) 
2.68(1) 
2.71(1) 
2 16(4) 
2.24( 3) 
2.86(5) 
2.92(4) 
2.37(1) 


2.74(2) 
2.71(1) 


2 x  2.374(5) 
2.908(8) 
2.663(8) 


2.1 8919) 


Cu(2h) -S(2) 
Cu(2b) l(2) 
Cu(3a)-S(I ) 
Cu(3a) S ( 2 )  
Cu(3a)-I(l) 


Cu(?b)-S(I) 
Cu(3h)-S(2) 


Ctl( 3a) - !( 2) 


Cli(3b)- 1(2) 
Cu(4a) S(1) 


CU(4a) S(2) 
Cu(4a)-S(2) 


Cu(4h)-S(2) 


2 x 2.196(4) 
2.551(7) 
2.259(4) 
2.297(4) 
2.904(4) 
2 892(4) 
2.31(2) 


2 x  2.55(2) 
2.89(2) 
2.89(1) 
2.1 5( I )  
2 36(1) 


2 x  2.154(2) 


silver atoms in several solid electrolytes, which exhibit an en- 
hanced mobility for these atoms. Structure analyses at different 
temperatures should enable one to determine whether the large 
temperature parameters are due to nonharmonicity or ionic 
conductivity.[' 


A better refinement of the crystal structure a t  room tempera- 
ture was obtained by using a Gram-Charlier development of the 
displaccrnent parameters of the copper atoms up to fourth order 
to describe their distribution. Thus the number of copper posi- 
tions was reduced to four, and only seven additional parameters 
had to be introduced in the refinement (tensor elements smaller 
than 3 0  were fixed to zero[141). The significance of the nonhar- 
monic refinement was assessed from statistical tests." 51 Also, 
after introduction of the nonharinonic approach the highest 
peaks in the final difference Fourier calculation are observed 
close to the heaviest atoms; by contrast, for the split atom re- 
finement they were still located near the much lighter copper 
atoms. This clearly indicates that the distribution of the copper 
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atoms is described in a better way by the nonharinonic ap- 
proach. Another helpful tool to decide whether the results of a 
nonharmonic refinement are reasonable and significant is the 
probability density function (pdf), that is the Fourier transform 
of the displacement parameters, o r  in the case of overlapping 
pdfs thejoint probability density function ( jpdf) ,  that is the sum 
of the weighted pdfs.[13’ The pdf (or the jpdf) should show no 
significant negative regions. The jpdf for the copper atoms 
(Cu(3) ,  Cu(4)) distributed around the above-mentioned S, octa- 
hedron, the nonharmonic deformation densities (pdf,,,,) , [ l h l  and 
the corresponding error map are shown in Figure 3. It  becomes 
evident that the copper atoms are delocalized parallel to the /IC 


plane, and the single pdfs overlap (for Cu(4)-Cu(4)’) or almost 
overlap (for Cu(3)-Cu(3)’ and Cu(3)-Cu(4)). A comparison of 
the values calculated for the pdf,,, and the errors for the pdf 
indicate the significance of the refined model. Short distances 
d(Cu(3)-Cu(3)’) = 1.783(10), d(Cu(4)-Cu(4)’) = 0.95(2), and 
d(Cu(3)-Cu(4)) = 1.68(2) A are calculated for the refined posi- 
tions but of course they are meaningless since these two copper 
positions are occupied to only about 50%. 


c u 4  


I @j - 
1 


u3 


-1  


-3 


-3 - I  I - b + 3  


4 
I 
I 


C 


-1 


-3 


Figure 2. a) Section of the crystal structure of(Cul),Cu,SbS, showing the ribbons 
parallel to (0011 o f  tetrahedrally coordmated Cu(1) and those or  trigonally coordl- 
uated Cu(2) and Sh, respeclively h) Connection oE the layers shouw in a )  by S ,  
octahcdra. Tho copper atoms Cu(3) and Cu(4) (not Fhown explicitly) are distributed 
over the faces of thcse ocvdhcdra. The  section shown in Figure 2 a is marked by the 
horizontal bar. Cu: small black spherca; Sb: Inrgeddark spheres: S. small light gray 
spheres; I :  large light gray spherca. 


-3 -1 1 -b+ 3 


-3  -1  I - b + 3  


Figurc 3. a )  The pdrm.ip (20 C )  of the  copper atoms disiributctl around the ii~ces 
ofan S,octahodron:min.!max. density. -77,: + 201.1 k J , s t e p :  -20 + 100 A -’: 
b) thc pdf,,, map: niin./max. deformation density: --7701 + 480 A ’. step -80; 
+ 40 k3;  c) the error of the p d f  m a x .  138 A -  ’. step + 40 A ’. Thc refincd posi- 
tions of Cu(3) and Cu(4) are indicated in Figure 3 a .  
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An effective one-particle-potential (opp). which provides 
some information for the potential barrier for the movement of 
a copper atom, can be derived from the jpdf. The opp along the 
zigzag line given in the jpdf map (Figure 3a) is shown in Figure 
4. Two double minima (around the Cu(3) and the Cu(4) sites) 
and the strong deviations from a harmonic potential are visible. 


I20 
plineV 


80 


40 


I 2 3 d l i i  4 
Figure 4. Effective opp along the line indicated in Figure 3a. At 20 C a double 
minimum potential around both the sites ofCu(4) and Cu(4)'and Cu(3) and Cu(3)'. 
rcspcrti~cly. is obscrbed. At  - 80 C !he intri-mediate sites are d s o  occupied and the 
polcntial around the Cu(4h) site becomes a ainplc ininimum potential. i-or the Cu(3) 
site II siinilar cvolutioii becomes visible. The arrows indicate a cut-oifofl  '54 accord- 
ing to  Rolt~.in;inn statistics for the given tcmpei-ntures. 


Due to thc height of the barrier between the positions of Cu(3) 
and Cu(4) (ca. 120 m eV) one can assume a dynamic exchange 
between the eight maxima shown in Figure 3a, a t  least within a 
ccrtain probability. Three-dimensional (3D) surface plots of the 
pdfs and jpdfs for the copper atoms in their coordination poly- 
hedra of iodine and sulfur are presented in Figure 5. These plots 
indicate the pronounced deviations from a harmonic displace- 
ment of the corresponding atoms. For the copper atoms around 
the S, octahedron it becomes evident that owing to surrounding 
iodine atoms there are several tetrahedral voids available and 
copper is readily distributed in them. 


For the dataset collected at ~ 80 "C the nonharmonic refine- 
ment no longer works, instead the positions of the copper atoms 
can be resolved by using nine split positions for them. This is 
probably because of a stronger localization of the copper atoms, 
which is accompanied by an unusual temperature dependence of 
the lattice constants of the title compound; the length of the a 
axis increases when the crystals are cooled to - 80 "C, whereas 
the h axis remains unchanged, and the c axis shortens. The main 
reason for this anisotropic temperature dependence of the lattice 
parameters is probably the nesting of copper atoms. especially 
around the above-mentioned S, octahedron. Details of the re- 


finement of the dataset collected at -80°C are compilcd in 
Table 1 and atomic coordinates are given in Table 2. From the 
evolution of the potential curves (see Figure 4) with temperature 
it becomes evident that the copper atoms are mobile in  
(CuI),Cu,SbS, . As the temperature decreases, the intertnediate 
sites, that is positions between the minima at  20°C. become 
occupied. Thus, the double minimum curve for the Cu(4)iCu(4)' 
position a t  20 "C changes to a single minimum curve at - 80 'C. 
and the deviations from harmonicity are reminiscent of the po- 
tential curve at  room temperature. For  the potential curve at  the 
Cu(3)/Cu(3)' position the same tendency becomes evident. Since 
the coordination is different for Cu(3) and Cu(4) the effect is less 
pronounced for Cu(3). Particularly for the pair Cu(4a):Cu(4b) 
(Cu(4a) corresponds to the position of Cu(4) a t  20 'C) the low- 
ering of the temperature results in a reduction of the coordina- 
tion numbcr from three to  two; the S-Cu-S angle is 178.5(9)' for 
Cu(4b). This trend of reducing the coordination number also 
occurs for Cu(1) and Cu(2), which is evident from the distances 
given in Table 3 b. The change ofcoordination numbers for Cu+ 
and Ag' with temperature has been discussed, for example, in 
references [22,23]. 


Raman spectroscopic investigations: According to Wang and 
Liebau["' a change of the bonding properties of a lone pair 
atom can be best detected from changes in the bond angles, 
whercas bond lengths may remain almost unchanged. Thus in- 
teratomic cl(Sb-S) distances are not very sensitive to  the local 
environment of the antimony(n1) ion. In the case of the title 
compound this effect is substantiated by Raman spectra. As 
already mentioned, the thioantimonate(n1) ions [SbSJ3 in 
(CuI),Cu,SbS, can be regarded as separated from each other in 
the copper halide matrix and thus no additional sulfur atoms are 
observed as next-nearest neighbors for antimony. In  contrast, in 
Cu,SbS, (without the CuI matrix) antimony is surrounded by 
three + five sulfur atoms; the z(Sb-S) distance for the three 
nearest S atoms is 2.465 8, (compared to Z(Sb-S) = 2.412 A in 
(CuI),Cu,SbS,) and is 3.72 A for the five next-nearest sulfur 
atoms (Figure 6) .[241 The Raman spectra of (CuI),Cu,SbS, and 
that of P-Cu,SbS, (for comparison) are shown in Figure 7. Both 
spectra are dominated by strong bands for the [SbS,]j- units. 
For  the isolated thioantimonate(rI1) ion in the title compound 
vibrations are observed at  362 cm- '  and 339 cm- ' .  According 
to spectroscopic data for Sb(SR), ( R  = C,H,, C,H j) one would 
expect a band in the region between 365 and 380 em- '  and a 
second one at about 34Ocm-'.['*] A strong shift of about 
40 cm-' for these two bands is observed for [I-Cu,SbS,; the 


Figure 5. 3D surFdcc plots (20 'C) for a) the jpdf of Cu(3) and Cu(4) around the S,, octahedron in (Cul),Cu,ShS, (S: small spheres, 
octahedron sew pcrpendiciilar to a sulfur triangle, I :  large spheres complctiiig the coordination of the copper atoms), b) the pdfof Cu(1) 
with tetrahcdri  coordination of two I and two S atoms. and c )  the pdf of Cii(2) in ii l i c e  of a tetrahedron built by two I and two S atoms. 
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Figure 6. Coordination of antimony by three sulfur atoms in (CuI),Cu,SbS, (left) 
ond 3 + 5 sulfur atonis in / K u , S h S ,  (right). Broad lines represent d(Sb ~ S) dis- 
tancca < 2 5 A, thin liilcs indicatc interztomic distances 2.5 A <rl(Sb-S)<4 A. The 
influence of the next-nearest sulfur atoms becomcb visihle from the change of the 
averaged S-Sb-S angle, which is 93.3 for the isolatcd [ S h S J -  unit in 
(CuI),Cu,SbS, and 98.6' fix that in /i-Cu,ShS, (only for a s h  S)<2.5 A).  
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Figure 7. Raman spectra of a) (CuI),Cu,SbS, and b) /j-Cu,SbS,. Both spectra are 
dominated by the strong hands of thc [ S b S J -  units. Due tu  addltional Sh- S 
inferrrctions in /I-Cu,SbS,> the corresponding hands are shiftcd to lower wave- 
numbers than in (CuI),Cu,ShS, The wcak hand at 83 em- '  is an experimental 
artifact. 


corresponding maxima are found at  321 c m - '  and about 
290 cm- ' (shoulder). The decreased bonding interactions with- 
in the [SbS,I3- unit in /I-Cu,SbS, can be explained by the five 
next-nearest sulfur atoms. 


Ionic conductivity: Based on the pronounced nonharmonic 
deformation of the pdf, a high ionic conductivity is expected 
for the copper atoms even a t  room temperature. Thus the 
impedance was measured to substantiate this assumption. 


Impedance spectra for (CuI),Cu,SbS, between 30 ' C and 
280 "C show the typical shape for an ionic conductor contacted 
to blocking electrodes; that is, they consist of  a lincar spike at 
low frequencies and a semicircular arc a t  higher frequencies. The 
ionic conductivity can be extracted from these spectra. Selected 
conductivity values are 6 . 2 ~  1 0 - 5 Q - ' c m - L  (50 C) and 2 . 9 ~  
10-3Q- 'cm- '  (200"C), which are much higher than thccorre- 
sponding data for pure CuI (e.g. ca. 1 0 - s W ' c i n - '  
(200 cC)['91), The corresponding Arrhenius diagram is shown in 
Figure 8. The activation energy EA = 0.35 eV is slightly higher 
than that of the good copper ion conductor RbCu,CI, 
(EA = 0.27 eV),["I whereas the absolute conductivity values are 
about one order of magnitude smaller a t  room temperature. 
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Figurc 8 .  Tcmperature dependence of the ionic conductivity of (Cul),Cu,ShS, 


The conduction pathways of the copper atoms cannot be 
derived exactly from the X-ray structural data. A potential bar- 
rier similar to  that obtained from the conductivity data should 
be visible from the nonharmonic refinement;" 3 ,  2"1 however, for 
the given value of EA = 0.35 eV a temperature of approximately 
600°C would be necessary to determine it within the 1 YO level 
according to Boltzmann statistics. At this temperature the com- 
pound is already molten. 


Conclusion 


Extension of the use of copper(1) halides as reaction media for 
the synthesis of new solid materials based not only on main 
group polymers but also on thioinetalate ions has provided the 
compound (CuI),Cu,SbS,. The iodide ions in its crystal struc- 
ture form an eutactic arrangement that is related to the hexago- 
nal diamond structure. Inserted [SbS,I3- units thcrein are iso- 
lated from each other, as is clearly demonstrated by Ranian 
spectroscopic data. A pronounced temperature-dependent dis- 
order of the copper atoms can be derived from X-ray structural 
investigations. At higher temperature the copper atoms tend to 
have a higher coordination number. Closely related to this, an 
enhanced copper ion conductivity is observed, which exceeds 
that of pure C L ~ I  by about two orders of magnitude. 


Experimental Section 


(Cul),Cu,SbS, was preparcd by reaction of stoichiometric amounts of CUT 
(powder, 99.999%, Aldrich), Cu (shot, m5N, Johnson Msrtthey). S b  (shot, 
99.999%, Heraeus),  and  S (pieces, 99.999%. Fluka) (Cu1:Cu:Sb:S = 
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2:3:1:3)  in evacuated silica ampoules. After heating the starting mixture to 
500 “C for several hours it was homogenized by grinding. The compound was 
readily fonned after six days at 430°C. When the powder was kept at a 
temperature of 350 ‘ C for three weeks a mixture of a phase pure red-orange 
micro-crystalline material and larger crystals suitable for an  X-ray structure 
analysis were obrained. An alternative route that employed Cu,SbS, and CuI 
as a flux medium was described in ref. [8]. The purity of the batch was 
checked by X-ray powder diffraction (SIEMENS D5000, Cu,,,); the lattice 
constants were consistent with the single-crystal data within their esds. DTA 
measurements (LINSEIS L62) showed only one endothermal effect a t  492 ‘C ,  
which was assigned to the melting point. Single crystals of suitable size were 
selected for X-ray structure analyses at - 80 and 20 “C. The crystals were 
fixed on top of a glass capillary and mounted on a four-circle diffractometer 
(NONIUS CAD4) equipped with a nitrogen cooling device. Crystallographic 
data are collected in Table 1. Since the copper atoms in (CnI),Cu,SbS, are 
disordered over several positions a Gram-Charlier expansion”” of the atom- 
ic dispiaceinent parameters was used to describe their distribution at room 
temperature. The significance of the obtained results for the pdf was checked 
by an analysis of its errors using a Monte-Carlo methodiI6’ implemented in 
JANA96.I9. 221 


Ionic conductivity data were obtained from impedance spectra recorded with 
n n  IM6 impedancc measurement unit (Zahner-Elektrik) in the frequency 
range from 100 mHz to 4 MHz. Cold pressed pellets (8 mm diameter; thick- 
ness 1 2 min) contacted to gold electrodes were used for the measurements, 
Details for the experiinental setup are given elsewhere.[‘] 


Raman spectra of (CuI),Cu,SbS, (and for comparison of ! ~ - C U , S ~ S , ~ ~ ~ . ’ ~ ~ )  
\\ere measured in a backscattering mode on a BRUKER RFS100!S using a 
Nd:YAG laser with an excitation wavelength of 1064 nm. 
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Rapid Coupling of Methyl Iodide with Aryltributylstannanes 
Mediated by Palladium@) Complexes: 
A General Protocol for the Synthesis of l 1  CH,-Labeled PET Tracers 


Masaaki Suzuki,* Hisashi Doi, Margareta Bjorkman, Yvonne Andersson, Bengt Llngstrom, 
Yasuyoshi Watanabe, and Ryoji Noyori" 


Abstract: The reaction of methyl iodide 
and (excess) aryltributylstannane to give a 
methylarene has been studied with the fo- 
cus on the realization of rapid coupling 
for incorporation of short-lived radionu- 
clides into bioactive organic compounds. 
The coupling of methyl iodide with tri- arylphosphanes - C-C coupling * 


butylphenylstannane (40 equiv) is accom- isotopic labeling palladium tin 
plished in >90% yield within 5 min at 


60 "C with a tri-o-tolylphosphine-bound, 
coordinatively unsaturated Pdo complex 
together with a Cu' salt and K,CO, in 


Keywords 


Introduction 


Efficient chemical reactions for isotope labeling are extremely 
important in the study of the behavior and metabolism of bio- 
logically significant substances. Positron emission tomography 
(PET) is a particularly powerful noninvasive method for the 
investigation of in vivo biochemistry, especially in the human 
brain. The need for thc development of new PET tracers has 
grown with the increase in the use of this technique in 
medicine.['] In the light of this need, we recently developed 
(1 SR)-TIC (l), a prostaglandin (PG) ligand, which is selectively 
responsive to a prostacyclin receptor in the central nervous sys- 
tem.['] The tolyl group in 1 was intended as a trigger component 
to create a radioligand incorporating "C. It was assumed that 
the ' 'CH, group would be readily introduced by the Stille reac- 
tion[,] with "CHJ, a frequently used precursor for "CH,-la- 
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DMF. This protocol IS  applicable to a 
variety of homo- and heteroaromatic tin 
compounds, to give the corresponding 
methylated derivatives. The effects of the 
tri-o-tolylphosphine ligand, a CU(I) salt, 
and DMF are discussed. This new proto- 
col provides a firm chemical bas]$ for the 
synthesis of "CHJncorporated PET 
tracers. 


beled tracers. In fact, the Stille reaction would be ideal, because 
a) the incorporation of the short-lived "C nuclide 


= 20.3 min) is accomplished at the final stage of the synthe- 
sis, b) organotin reagents are tolerant of most functional 
groups present in biomolecules, and c) it has broad applicabili- 
ty. However, to our surprise, there is little information on the 
Stille reaction with methyl iodide,'41 although many spz or al- 
lylic organic halides have successfully been utilized.[31 Methyl- 
ation with this method has remained difficult. Screening of var- 
ious existing Pd catalysts in the Uppsala laboratories to trap 


'CH,I, with tributylphenylstannane as a model, revealed that 
trapping was very sluggish,[51 hampering the incorporation of 
"C into 1. The reaction must be accomplished within several 
minutes to leave enough time for work-up and chromatographic 
purification. If trimethylphenylstannane is used, both phenyl 
and methyl moieties participate in the reaction, producing unde- 
sired 'CH,-containing ethane as a by-product.[5. The prob- 
lems with this potentially 
attractive method led us 
to develop a rapid cou- 
pling reaction of methyl 
iodide with a variety of 
aryltributylstannanes. We 
now report on a general 
protocol which provides a 
firm chemical basis for 
the synthesis of "CH,- 
incorporated PET tracers, 
including 'C-labeled 


1 
O y H 3  


HO 'H , OH 


(lSR)-TIC (1). 1 
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Results and Discussion 


Conditions for the synthcsis of PET tracers are very different 
from those found in ordinary organic syntheses. In particular, 
the reaction is conducted with an extremely small amount of 


'CH,I. Therefore, the coupling reaction was set up with a large 
excess (40: 1) of tributylphenylstannane relative to methyl io- 
didc [Eq. (I)]. The results are summarized in Table 1 .  The Stille 


excess 


reaction usually uses tetrakis(triphenylphosphine)palladium(o) 
([Pd(PPh,),]) or a Pdo complex formed in situ from 
[Pd,(dba),(CHCl,)] (dba = dibenzylideneacetone) and PPh, 
(1 :4) or [Pd,(dba),] and PPh, (1 :4), as the standard catalyst.r31 
Sometimes, the use of dissociative ligands such as tri(2-fury1)- 
phosphine and triphenylarsine or the Pd*/Cu' co-catalytic sys- 
tem results in largely improved rates and yields.[71 However, the 
application of these standard conditions to the methylation did 
not give satisfactory results (entries 1-5 in Table 1). Initially, we 
found that the use of a coordinatively unsaturatcd Pdo complex, 
formed in situ by mixing [Pd,(dba),CHCl,] and four equiva- 
lents of tri-o-tolylphosphine,[*~ 'I instead of triphenylphosphine, 
greatly increased the coupling efficiency (up to 76% yield after 
30 min in ethereal solvents; entries 6 and 7). If the amount of the 
tin substrate was increased to 200 equiv, then the yield was 
further enhanced to 86 % (entry 8).  We then concentrated on the 
acceleration of the coupling reaction in order to match the reac- 
tion with the time-limited ' C-tracer synthesis. After extensive 
experimentation with a fixed reaction time of 5 min, the ultimate 
solution to the Stille methylation for this purpose was provided 
by the stoichiometric use of a combined [Pd{P(o-CH,C,H,),},]/ 
CuCI/K,CO, system[', lo] (entry 11). The reaction of tributyl- 
phenylstannane and methyl iodide (40: 1) with this promoter 
system in DMF at 60 "C gave toluene in 81 YO yield. Both CuCl 
or CuBr and K,CO, were necessary. Interestingly, CUI was 
totally ineffective (cntry 12). The Pdo complex generated in situ 
from [Pd,(dba),] and P(o-CH,C,H,), (I :4) was more effective 
than the preformed complex and gave the desired product in 
91 9'0 yield (entry 14). The reaction in the absence of the Cu(r) 
salt and K,CO, gave lower yields. For example, the reaction at 


80 'C in DME gave only a 41 9'0 yield (entry 9), while the yield 
improved to 63 % in DMF (entry lo).[' '' Biphenyl derivatives, 
which form as by-products under standard conditions,[41 were 
not detected. 


The reaction with trimcthylphenylstannane furnished toluene 
in > 100% yield (122-129%) together with ethane, indicating 
that an unexpected cross-coupling reaction between phenyl and 
methyl on the tin atom was contaminating the product to a 
considerable extent by scrambling the methyl group of the de- 
sired toluene product, and that the participation of the methyl 
group on the tin atom in the reaction with methyl iodide cannot 
be avoided.I6. ''I Thus, aryltributylstannanes appear to be more 
succesful as trapping agents than aryltrimethylstannanes. 


The conditions of this reaction are significantly different from 
those of the original Stille reaction. The coupling of methyl 
iodide and tributylphenylstannane probably proceeds by the 
mechanism proposed in Equations (2)-(5), whereX = C1 or Br. 
M = (n-C,H,),Sn or Cu{P(o-tolyl),}. In the first step, 


CH31 + [Pd{ P(o- t~ ly l )~ jJ  -4 [CH,PdI(P(o-tolyl),)] + P(n-tolyI), (2) 
2 


[C,H,Sn(n-C,H,),] + CuX + P(o-tolyl), 


[C,H,Cu{P(o-tolyI),] + [(n-C,H,),SnX] (3) 3 


4 


[CH ,PdI{P(o-tolyl),]] + C,H,M - 
[CH,Pd(C,H,)(P(o-tnlyl),}] + M1 (4) 


[CH,Pd(C,H,)jP(o-tnlyl),}] - CH,-C,H, + [Pd{P(o-tolyl),]] (5) 


inethyl iodide undergoes oxidative addition with a Pdo species 
to generate the methyl-Pd" iodide 2 [Eq. (2)]. The Pd" complex 
2 may react directly with the phenyltin compound 3 to afford the 
(methyl)(phenyl)Pd" complex 5 [Eq. (4)] ; however, the forma- 
tion of the latter would be facilitated by the phenylcopper com- 
pound 4 formed by prior Sn/Cu trans metal at ion"^ lo] [Eq. (3)]. 
Finally, toluene is formed by reductive elimination from the Pd" 
complex 5 [Eq. (5)]. The marked ligand effect of tri-o-tolylphos- 
phine is attributed to its great bulkiness [cone angle = 194', 
which is greater than that in tri-rert-butylphosphine (182")],[' 31 


which facilitates the generation of the coordinatively unsaturat- 
ed Pdo and Pd" intermediates.[*$ 14] Transmetalation to give 5 
and/or reductive elimination of toluene requires the formation 
of the tricoordinate Pd" complex.[4, 81 DMF may stabilize such 
Pd intermediates at high temperatures. The effect of K,CO, 
remains unclear. 


This protocol allows controlled methylation of a variety of 
aromatic tin compounds such as 6-9 to produce the methylated 
derivatives of benzyl alcohol, anisole, thiophene, and furan 
(10-13), in 100, 92, 73, and 40% yield, respectively. 


2 


5 


5 


X X 


HO /I I 
OCH3 


6, X = Sn(mC4H9), 


10, X = CH, 11, X = CH, 12,X=CH3 13, X = CH, 


7, X = Sn(mC,H,), 8, X = Sn(mC4H9), 9, X = Sn(mC4Hg), 
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Table 1, Pd(o)-mediated coupling of methyl iodide with excess tributylphenylstannane 
~~ 


Entry [a] Pd(o) complex Ligand Pd:L [mol ratio] Additive [b] Solvent I (niin) T ( ' C )  Toluene yield (YO)  [c] 


- - - DMSO 30 40 0 
DMSO 30 90 i n  


CuCI/K,CO, THF 5 40 20 
CuCI/K,CO, THF 5 60 23 


AsPh, 1:2 CuI DMF 5 60 0 
1.4-dioxdne 30 40 75 P(o-CH,C,H,), 1 :2 
DME 30 40 76 7 [Pd,(dba),CHCI,] P(o-CH,C,H,), 1 : 2  


8 Id] [Pd,(dba),CHCI,] P(o-CH,C,H,), 1 : 2  DME 30 40 86 


P(o-CH,C,H,), 1 : 2  DMF 5 80 63 


- - - 


1 [Pd(PPhJ,l 
2 lPd(PPh,)J 
3 lPd(PPh,),l 
4 IPd(PPh3),1 


- - 


- - 


- 


5 [Pd,(dba),l 
6 [Pd,(dba),CHCI,I 


9 [Pd,(dba),CHCI,] P(o-CH,C,H,), 1 : 2  - DME 5 80 41 


CuCl/K,CO, DMF 5 60 81 
10 [Pd,(dba),l 
11 [Pd[P(o-CH,C,H&IzI 
12 [Pd,(dba),l P(o-CH,C,H,), 1 :2 Cnl DMF 5 60 3 
13 CuCI/K,CO, DMF 5 60 0 


15 [Pd,(dba),l P(o-CH,C,H,), 1 : 2  CuBr/K,CO, DMF 5 60 90 


- 
- 


- 


- 


- - - 


14 [Pd,(dba),l P(o-CH,C,H,), 1 : 2  CuCI/K,CO, DMF 5 60 91 


[a] Reaction was carried out with 40 mol tributylphenylstannane and 1 mol Pd(0) relative to methyl iodide. [b] Two mol of the additive were used relative to Pd(0). [c] Yield 
was determined by GLC analysis; product yield (YO) based on methyl iodide. [d] Reaction was carried out with 200 mol of tributylphenylstannane relative to methyl iodide. 


Thus, we have developed a general method for the rapid 
methylation of homo- and heteroarornatic organotin com- 
pounds with methyl iodide. This procedure only requires the use 
of stoichiometric amounts of transition metal promoters. We 
are currently trying to find conditions for the catalytic reaction 
in order to make the coupling more useful. 


Conclusion 


We have succeeded in developing a rapid coupling reaction of 
methyl iodide with a series of aryltributylstannanes (excess) in 
the presence of the tri-o-tolylphosphine-bound coordinatively 
unsaturated Pdo complex, a Cu' salt, and K,CO, .I' 51 This new 
protocol is useful not only for the synthesis of "CH,-incorpo- 
rated PET tracers but also for the incorporation of other carbon 
isotopes such as 13C and 14C into a variety of aromatic com- 
pounds, and awakes interest in the wide area of the isotope 
labeling. The applications of this method to the synthesis of 


'C-labeled (1 SR)-TIC and its biological use for brain imaging 
will be reported separately." 16] 


Experimental Section 


General: GLC analysis was performed on a Shimadzu GC-14B instrument 
equipped with a flame ionization detector; capillary column, TC-5, 
60 mx0.25 mm i.d., GL Science Inc.; carrier gas: N,, flow rate: 
0.9 mLmin I ;  injection temp: 280°C; detection temp: 280°C. All reactions 
were performed under Ar with Schlenk techniques. Solvents and solutions 
were transferred by syringe-septum and cannula techniques. Tetrahydro- 
furan (THF),  dimethoxyethane (DME). and 1,4-dioxane were used after 
distillation over sodium-benzophenone ketyl under Ar. Dimethyl sulfoxide 
(DMSO) and N,N-dimethylformamide (DMF)  were used after distillation 
over CaH, under Ar. Tributylphenylstannane, trimethylphenylstdnnane, 2- 
(tributylstannyl)thiophene, 2-(tributylstannyl)furan, tetrakis(tripheny1phos- 
phine)palladium(o) (all from Aldrich), tris(dibenzy1ideneacetone)di- 
palladium(0)-chloroform adduct (Kanto Chemicals), tris(dibenzy1ideneace- 
tone)dipalladium(n) (Aldrich), tri(2-fury1)phosphine (Lancaster), triphenyl- 
arsine (Aldrich), tri-o-tolylphosphine (Aldrich), copper(i) chloride, copper([) 
bromide, copper(1) iodide, potassium carbonate, and nonane (all from Wako) 
were commercial grade. Toluene, 4-methylbenzyl alcohol, 4-methylanisole, 
2-methylthiophene, 2-methylfuran, and 2-phenyltoluene were used as authen- 


tic samples. Methyl iodide was distilled over P,Oio prior to use. Stannane 6 
was prepared by the palladium-catalyzed cross-coupling reaction of 4-bro- 
mobenzyl alcohol with bis(tributy1tin). A literature procedure was used to 
prepare (p-anisy1)tributyltin 7."'] 


Product analysis: Toluene (Table 1 ) :  initial column temperature 80 ' C, final 
10O'C, flow rate 5'Cmin-' from 10 to 14 min, retention time 10.3 min; 
4-methylbenzyl alcohol: initial column temperature 100 "C, final 200°C. 
flow rate lO'Cmin-' from 10 to 20min, retention time 19.3 min; 4-methyl- 
anisole: initial column temperature 100"C, final 200'C, flow rate 
10"Cmin from 10 to 20min, retention time 15.8 min; 2-niethylthiophene: 
initial column temperature 60"C, final 100"C, flow rate 10 'Cmin-' from 10 
to 14 min, retention time 12.7 min; 2-methylfuran: initial column tempera- 
ture 30"C, final 150°C. flow rate 10"Cmin-' from 8 to 20 min, retention 
time 9.9 min. 


Rapid coupling of methyl iodide with tributylphenylstannane (40 equiv) to afford 
toluene (Table 1 ,  entry 14): In a dry Schlenk tube (10 mL), tris(dibenzy1i- 
deneacetone)dipalladium(o) (4.6 mg, 5.0 pmol). tri-o-tolylphosphine (6.1 mg, 
20 pmol), CiiCl(2.0 mg, 20 pmol), and K,CO, (2.8 mg, 20 pmol) were placed 
under Ar. After addition of D M F  (0.5 mL), the mixture was stirred for 5 niin 
at RT, followed by successive addition of solutions of tributylphenylstannane 
(147 mg, 400 pmol) in D M F  (0.5 mL) and methyl iodide in D M F  ( 0 . 8 ~ .  
12.5 pL, 10 pmol). The resulting mixture was stirred under Ar at 60 "C for 
5 min, rapidly cooled (ice bath), filtered through a short column of SiO, 
(0.5 g) and then eluted with ether. The combined eluates were analyzed by 
GLC with nonane (0.1 M, 50 pL, 5 pmol) as the internal standard. Yield of 
toluene: 91 %. The concentration of methyl iodide used in this experiment is 
the minimum concentration required for exact direct analysis of toluene 
produced in the reaction. 


Rapid coupling of methyl iodide with stannaue 6 (40 equiv) to afford 10: I n  a 
dry Schlenk tube (10 mL), tris(dibenzylideneacetone)dipalladium(o) (5.0 mg, 
5.5 pmol), tri-o-tolylphosphine (6.7 mg, 22 pmol), CuCl (2.2 mg, 22 pmol), 
and K,CO, (3.0 mg, 22 pmol) were placed under Ar. After addition of D M F  
(0.5 mL), the mixture was stirred for 5 min at R T  followed by successive 
additions of solutions of 6 (359 mg, 400 pmol) in D M F  (0.5 mL) and methyl 
iodide in D M F  ( 0 . 8 ~ .  12.5 pL, 10 pmol). The resulting mixture was stirred 
under Ar at 60 "C for 5 min. rapidly cooled (ice bath), filtered through a short 
column of SiO, (0.5 g), and then eluted with ether. GLC analysis of the 
combined eluates was performed with nonane (0.1 M, 50 pL, 5 pmol) as the 
internal standard. Yield of methylation product 10: 100%. Synthesis of 
compounds 7-9 was conducted by the same procedure 
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Abstract: The cathodic reduction of 4- 
methylcoumarin (1) in acidic methanol/ 
water in the presence of yohimbine leads 
to formation of a mixture of the hydro- 
genation product 4-methyl-3,4-dihydro- 
coumarin (2), with an enantiomeric excess 
(ee) of (R) -2  of 0-67Y0, and the hy- 
drodimer 3. The relative yields of 2 and 3 
and the ee of 2 depend on a number of 
experimental parameters such as pH, sup- 
porting electrolyte, working potential, 
and thc concentrations of substrate and 
yohimbine, as demonstrated by a series of 
preparative-scale experiments. In addi- 
tion, a series of voltammetric and kinetic 
measurements were carried out to  investi- 
gate the influence of the individual experi- 


mental parameters. Three mechanistic 
possibilities have been examined, and by 
combination of the analytical data with 
the results of the preparative experiments, 
a single model is put forward which is in 
accord with the available results. The 
main features of the mechanistic model 
can be summarized as follows: 1) under 
acidic conditions (pH 2-3) the electroac- 
tive species is a complex between 1 and 


Keywords 
enantioselective protonations kinet- 
ics * quantum chemical calculations 
reductions - voltammetry 


Introduction 


High stereoselectivity has been perfected in many chemical reac- 
tions.['] For  electrochemical conversions, the range of reactions, 
the attainable selectivities, and the level of mechanistic knowl- 
edge are far less advanced. Nevertheless, considerable progress 
has been made in the development of stereoselective electroor- 
ganic reactions in recent years,l2I and high diastereoselectivities 
have been achieved in both cathodic and anodic conversions. In 
cathodic hydrodimerization of cinnamic esters and amides with 


[*] Prof. Dr .  H. J. Schiifer, Dr. B. Batanero, Dr. T. Lohl, 
Prof Dr. E.-U. Wiirthwein, Dr. R. Friihlich 
Organisch-Chemisches Institut der UniversitPt Miinster 
Corrensstrasse 40, D-48149 Miinster (Germany) 
Fax: Int. code + (251)83-39772 
e-mail: schafehtc uni-muenster.de 
Dr. M. F. Nielsen 
Department of Chemistry, Symbion Science Park, University of Copenhagen 
DK-2100 Copenhagen (Denmark) 
Fax: Int. code + 3532-1810 
e-mail: m.f.nielsen(qsymbion.ki.ku.dk 


rrochrm. Acts 1997, 42, 1971-1978. 
[**I Electroorganic Synthesis, Part 64. Part 63: K.  Moller, H. J. Schifer, Elec- 


H,O ', the reduction of which lee d d s to an 
enolic radical; 2) this radical is not re- 
duced at  the working potential but ta~i-  
tomerizes into the more easily reduced 
keto radical o r  dimerizes; 3) the keto rad- 
ical is reduced and further protonated; 
4) the function of the yohimbineH' is to 
catalyze the tautomerization and enan- 
tioselectively protonate the final carban- 
ion. Additionally, we concludc that the 
concentration of yohimbine in the imme- 
diate vicinity of the electrode is considcr- 
ably higher than its stoichiometric con- 
centration. Quantum chemical calcula- 
tions demonstrate that si protonation of 
the intermediate anion by yohimbineH' 
to give (R)-2 is energetically favored. 


chiral alcohols[31 and o~azol id ines[~]  as auxiliaries, diastereose- 
lectivities up to 95 YO de have been reached. Chiral phenylgly- 
oxylic amides have been cathodically reduced to the correspond- 
ing mandelic acid derivatives with diastereoselectivities up to 
92 YO de.15' Auxiliary induced diastereoselectivities up to 86 % de 
have been achieved in radical heterocoupling reactions of radi- 
cals generated by anodic decarboxylation.[61 High simple 
diastereoselectivities have been reported for cathodicL7' and an- 
odic cyclizations.[81 Enantioselective conversions have been 
communicated for the cathodic hydrogenation of ketones with 
chiral supporting electrolytes as inductors.['] Carbonyl com- 
pounds['0-'21 and enones" 3 .  14] have been enantioselectively 
reduced with catalytic amounts ofalkaloids. In an indirect elec- 
trolysis, ruc-I-phenylethanol was kinetically resolved with 
TEMPO as mediator and sparteine as chiral inductor;['51 2- 
naphthol has been coupled under similar conditions to give 
1,l'-binaphthol with 99.5 % ee,[l6I and the enantioselective 
Sharpless bishydroxylation" has been performed as an indi- 
rect anodic oxidation." Enantioselective electroenzymatic 
conversions are increasingly being developed.[' 91 


Enantioselective reduction of the prochiral enone 4-methyl- 
coumarin (1) in methanollbuffer solution in the presence of 
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alkaloids such as sparteine, yohimbine or narcotine as chiral 
catalysts has been reported by Grimshaw et al. to give chiral 
4-mcthyl-3,4-dihydrocouinarin (2) and optically inactive hy- 
drodimer 3 (Scheme The highest induction was found for 


Results and Discussion 


Preparative Electrolyses: It has previously been shown that in 
the enantioselective reduction of 1 to 2 at  pH 2-3 .  yohimbinc 


(4) induced a higher enantiomeric excess than other 
alkaloids;['4a1 4 was therefore the only alkaloid used 
in this study. Since the preparative results of this (see 
below) and of previous studies['3. I4l indicate that 


MeOHH20/LiCIc q+ o& several experimental parameters influence the 
product distribution and the ee of 2, the approach in 
the mechanistic studies has been to investigate thc 
effect of the parameters solvent, supporting elec- 
trolyte, medium acidity and the presence of yohim- 
bine individually, in an attempt to analyze the indi- 
vidual effects of the parameters on the mechanism. 


sparteinc (17% ee),  but the chemical yield of 2 was low (4%),  In preparative electrolyses, 4-methylcoumarin was elec- 
and the hydrodimer 3 was the main product (89 'YO). By carrying trolyzed at different acidities, cathode potentials, and concen- 
out thc clcctrolysis a t  lower pH and using yohimbinc as catalyst, trations of 1 and yohimbine (4) in a divided beaker or flow cell. 
the optical yield was incrcascd to 47 YO ee but the chemical yield 4-Methyl-3,4-dihydrocoumarin (2), the hydrodimer 4,4'-di- 
of 2 (1 8 Yo) remained methyl-4,4-bis-3,4-dihydrocoumarin (3), 3-(2'-hydroxy- 


The aim of the present study was a) to increase the chemical pheny1)butanoic acid ( 5 )  and methyl 3-(2'-hydroxyphcny1)- 
yield and enantiomeric excess of 2 and b) to gain insight into the butanoate (6) were obtained as products. The last two com- 
reaction mechanism. The effect of reaction condi- 
tions on the chemical yield and enantioselectivity of 
2 was investigated by preparative-scale electrolyses. 
The kinetics and mechanism of the reduction of 1 
under different experimental conditions were stud- 
icd by application of electroanalytical measure- 
nients in an attempt to rationalize the results of the 


0 0  


/ 


\ 


YohHCl,Hg(+e) , 
Me H 


0 0  


1 2 3 


Scheme 1 Cathodic rcduction of 4-methylcoumarin (1).  


preparative experiments on a mechanistic basis. 6 H  


Abstract in German: Die kathoiiisclie Reduktion von 4-Methyleu- 
niurin (1 )  in .suureni, w@rigein Methano1,fuhrt in Gegenwari von 
Yohitd~in zu 4-Meth~l-3,4-di~i~~drocunzarin ( 2 )  mii einern Enun- 
iioiiierciiiiherschudl ( r e )  von 0-67% ,fur ( R ) - 2  und den Hydro- 
i l i t i i i w n  rac- und meso-3. Die Au.slmren von 2 und 3 und der 
Eriaiitiomerc~niiher.sclzu~ w t i  2 hungen V O M ~  p H -  Wert. dem Elek- 
rrol~.ten. divn Kathoclcnpotc~tztial uiid den Konzenirationen von I 
und Yohimhiti ah. Zusiitzlich ~t'urile voltamrnetrisch der Einflub 
der e.~iIeriiiientellen Reaktior?sgrii~~~,n unttwuclit. Drei verschie- 
ileiie iwechanistische Miiglic~hkeiten wurden geprufi, wid uus der 
Koriihinaiion der analytischen Daren mit den Ergebnissen der prii- 
p u r a t i w i  E.~perinirnte wurrle fi)I<qendu Reaktionsweg vorge- 
.sclilagen: Untcr. suuren Beciingungen j p H  2-3) ist die elektroak- 
iiiy Spezies ein Konipleu aus I und H,O ' , 1Ii~ssen Reduktion zur 
Bilhing cines enolischm Rudikuls fiilirt. Dieses Radikul wird heirn 
Arbeii.sporetiti~~1 riicht reduziert, sondern dimerisiert oder tauto- 


eri in dus Ieic,liter recluzierhare Ketoradikal. Dus Ketoradi- 
kal \i,ird retluziert iind anschlie~tvid protoniert. Die Wirkung des 
protonierten Yohimbin hesiclit durin, die Tautomerisic~rung zu Ira- 
talj~.siereri und clas Carbanion absc~hlie~mrl enanrioselcktiv zu pro- 
tonicrrn. Ai4.s den Ergehnissen wi id  weiferhin gefolgert, ilup die 
Ii-~hit?ihiti-Konzentrution nahe deer Elektrode gegeniiber der Kon- 
rcn i ru i ion in Liisung be t r&h t lich ~ r h  iih t i.s t . Q uan ten clictn ische 
Rrchnurigeii zcigcn, LIUJ die .si Proionierung des intermediuren 
Anions clirri~h p r o  t onier ic.s Yohini hin , die zu ( R )  -2 , fuhr t . energe- 
risch bq+ti.st igt is t. 


4-H+ 5 6 


pounds arise from hydrolysis and methanolysis of 2 ;  they were 
relactonized into 2 by heating the crude product with p-toluene- 
sulfonic acid in toluene. The configuration of the excess enan- 
tiomer of (R) -2  was assigned according to ref. [13e], the cnan- 
tiomcric excess of (R)-2 was determined by GLC. The two 
diastereomers of 3 could be separated by HPLC. The configura- 
tion o f  the higher melting diastereomer was assigned by X-ray 
crystallography to be the rue form.r201 In general rue-3 was 
obtaincd in excess and optically inactive. The yields of recovered 
1 and of the products 2 and 3 were determined by calibrated 
GLC. The dependence of the chemical yields of 2 and 3 and the 
enantioselectivity of 2 on different experimental parameters is 
summarized in Tables 1-6. 


The data in Table 1 show that an increase of the LiCl concen- 
tration increases both thc ee and the chemical yield of 2. and the 
data in Table 2 indicate that the presence of Li' is essential for 


Table 1 
concentration "'I 


Dependence of the chemical yield of 2 and 3 and the cc of 2 on the LiCl 


[b] 6 ( V )  pH [YohII-] [LiCI] 2 Yield 3 Yield 1 Yield 2 ('c 
(nlM) ( M )  (%) (%) ('h) ("/d 1'5. SCE 


3 - 1 . 5  2 2 1.5 51 9 26 5x 
9 - 1 5  2 2 0.5 30 5 45 4x 


[a] Conditions' flow ccll: 10 mL of a 0.1 3 M solution of 1 in MeOH H,O (1 .1 )  werc 
addcd over 6 h to 650 mL electrolyte: working electrode: He: solvent: MeOH H20 
( 1  1 ) .  [b] Experiment number. 
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Table 2. Dependence of the chemical yield o f 2  and 3 and the re of 2 on the nature 
of the supporting electrolyte.'"' 


~~ ~ 


[h] E ( V )  pH [LICI] [Bu,NBr] 2 Yield 3 Yield 1 Yield 2 w  
vs. SCE (M) (M) (%) (0%)  (1%) i%) 


12 -1.5 2 1.5 ~ 32 16 20 60 
13 -1.5 2 ~ 0.5 5 64 Y 5 


[a] Conditions: beaker cell: 6 mL of a 0 1 6 ~  solution of 1 in MeOH/H,O (I : 1) were 
added during 3 h to 200 ml.  electrolyte; 2 i n ~  yohimbine hydrochloride: working 
electrode: Hg. solvent: MeOH/H,O ( 1  : I ) .  [b] Experiment number. 


achieving good enantioselectivity and a reasonable yield of 2. 
With Bu,NBr as  supporting electrolyte, the formation of hy- 
drodimer 3 is increased at  the expense of 2, and almost no 
optical induction is obtained for 2. 


One can summarize the effect of the reduction potential, pH 
and yohimbinium concentration (Table 3) as follows: the influ- 
cnce of the reduction potential and p H  cannot be separated 
since increasing acidity shifts the reduction potential of 1 to 
anodic values. At pH 3 the conversion of 1 is higher a t  - 1.6 
than at - 1 .S V, whilst at pH 2 a working potential of - 1 .S V is 
sufficient to achieve a good conversion of 1. At pH 2 a higher 
enantioselectivity of 2 is favored by a less negative reduction 
potential ( - 1 .S instead of - 1.6 V).  Increasing the acidity to 
p H  1 .S increases the yield of 2 and retains a high ee. However, 
the reaction is now difficult to control due to the competing 
hydrogen discharge; a fLirther decrease in pH is not experimen- 
tally possible. Increasing the pH lowers the enantiosclcctivity. 
At p H  2 an increase of the yohimbinium concentration favors 
both thc yield of 2 and the enantioselectivity. In an electrolysis 
a t  pH 7 and a reduction potential of - 1.6 V in watermethanol 
(1/1) as solvent and a 2mM concentration of yohimbine, 7 %  2 
with 9 %  re, 65% 3, and 27% 1 were obtained. 


Mercury is essential as cathode material (Table 4) because of 
its high overpotential for hydrogen evolution. The reduction of 
1 overlaps with the proton discharge, so cach diminution of the 
hydrogen overpotential of the cathode, as in the case of glassy 
carbon or graphite, decreases the conversion of 1; also thc c v  of 
2 decreases sharply. In Expt. 3 (Table 5 )  a low concentration of 
1 was maintained by continuous addition of 1 to the electrolyte 
in amounts proportional to its estimated rate of conversion. It 
can be estimated that for 75% of the electrolysis time the con- 
centration of 1 in Expt. 3 is about 400 times smaller than in 
Expt. 11. As the results show, decreasing the concentration of 1 
does not influence the enantiomeric excess, but lowers the yield 
of the hydrodimer 3. An increase in the water content of the 
solvent increases the yield of 2 and the conversion of 1 (Table 6), 


Tahle 4. Dependence or the chemical yield of 2 and 3 and Ihc L'L' of 2 on the cathode 
materid.'" 


[h] E (V) pH Electrodc [LiCI] MeOH:H,O 2 Yield 3 Yield 1 Yicld 2 w 
vs. SCE (M) ("A,) ( Y o )  ( ' 5 " )  (%) 


12 -1.5 2 Hg 1.5 1:1 32 16 70 60 
14 - 1 5  2 Graphite 1.5 1 : 1  5 3 YO 5 
I 5  - 1 5  2 WassyC 1.5 1:1 1 8 YO 10 


ki] Conditions as [a] in Table 2. except for the cathode miiteriiil. [b] tupcriincnt numhci- 


Table 5. Dependence of the chemical yield of 2 and 3 ;ind the cc o f 2  on thc  concenli-.ition 
of 1 .[dl 


[b] E ( V )  pH Elec- [LiCI] MeOH H,O 2 Yield 3 Yield 1 Yield 2 c c  
1's SCE trode (M) (V, )  ( ' I , > )  ( " , , I  ( ' > < I )  


3 [ a ] - 1 . 5  2 Hg 1.5 1 : l  81 Y 26 5x 
1 1  [c] - 1  8 2 Hg 1.5 1 : i  50 25 17 85 


[a] A\ [a] in Table 1 :  10ml of a 0 . 1 3 ~  solution of I i n  MeOH H,O ( 1 . 1 )  were added 
dropwise during 6 h to 650 m L  electrolyte. [h] Experiment number. [c] A I 5 nib1 solu- 
tion of 1 in 1 . 5 ~  LiCl in MeOH'H,O ( I  :1)  was electrolg.xd for 6 h 


Table 6. Dependence of the chemical yield of 2 and 3 and the w o f  2 o n  thc aolvcrit 
coinpositioii."'] 


[h] E (V) pH [LiCI] (M) MeOH:H,O 2 Yield 3 Yicld 1 Yield 2 w 
vs. SCE (1%") ( ' > { I )  ( " ( 1 )  ( I > < > )  


12 -1.5 2 1 . 5  1 : l  32 16 20 60 
16 ~ 1.5 2 1.5 I : ?  36 9 I6 67 
17 -1.5 2 1.5 1 :4 43 6 7 65 


[a] Conditions a? [a] in Table 2 [h] Experiment number 


while the yield of 3 decreases and there is no effect on the 
enantioselectivi ty. 


Additionally, 1 was electrolyzed in DMF (1.5M LiCI) in the 
presence of 2.5 mM yohimbine hydrochloride at a cathode po- 
tential of ~ 1.5 V vs. SCE. The acidity was controlled by the 
addition of trifluoroacetic acid and was kept at a nearly con- 
stant concentration of 1 mM; 14% racemic 2 and 65 % 3 were 
obtained." 4c1 


Electroanalytical Investigations: In a recent study of the electro- 
chemical reduction of a series of cinnamic acid esters, i t  was 
foundL", that the competition between dimerization and for- 
mation of the dihydro product was significantly different when 
the reduclion was carried out in McOH rather than in DMF. 
Not only the product distribution but also the reaction mecha- 
nism was found to be vcry different in the two solvcnts. Since I 
is structurally related to the cinnamates, the mechanistic studies 


'Ihblc 3. Dependence of the chemical yield of 2 and 3 and the ec of 2 on the reduction potential. thc yohimbinc concentration and the pH.["' 


b l  E (V) vs. SCE pH [YohH'] (InM) [LiCll (hi) 2 Y 1eld ("A, ) 3 Yield (Yo )  1 Yield (%) 2 (Y' ('Yo ) 


1 - 1.5 2 0.25 1.5 19 27 23 42 
2 -1.6 2 0.75 1.5 32 52 3 21 
3 -1.5 7 2 1.5 51 9 2 h sx 
4 -1.6 7 7 1 5  44 33 13 35 
5 ~~ 1.5 3 0.25 1.5 3 7 02 51 
6 -1.6 3 0.25 1.5 33 25 30 3X 
7 -1 .5 3 7 1.5 8 2 86 6 
X -1.6 3 2 1.5 9 I5 67 14 


10 - 1.45 1.5 7 1.5 61 9 17 63 


[a] Conditions as [a] in Table 1. [h] Experimcnt number. 
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in this work include characterization of the rcduction of 1 in 
DMF, as well as in pure MeOH and in a MeOH/H,O mixture. 


VoltcEmrnetric Studies o f 7  in D M F :  Cyclic voltammetry of 1 in 
DMF shows a single reduction peak, which at  low scan rates 
(bclow ca. 1 Vs- I )  is chemically irreversible. At higher scan 
rates the process becomes chemically rcvcrsible, and an Eo( 1) 
value of - 1.813 V vs. SCE was determined. Comparison of the 
values of ip/(C0(l)v1'2) obtained at  low scan rates, where the 
process is chemically irreversible, and at  high scan rates, where 
it is chemically reversible, shows that the numbcr of electrons 
transferred is constant and equal to unity ( i ,  denotes the peak 
current, Co(l) the stoichiometric concentration of 1, and \#  the 
scan rate). 


The combined reaction order in 1 and 1'- was determined by 
dcrivative cyclic voltammetry (DCV) by measuring ~ l ~ . ~  as  a 
function of Co(l) ( v ~ , ~  is the scan rate necessary to obtain 
R,' = - i,!,(ox)/ii(red) = 0.5, where ik(ox) and $(red) are the 
peak heights for oxidation and reduction, respectively, of the 
derivative of the voltammogram[211). In the applied concentra- 
tion range (0.5-8 niM) the apparent reaction order decreases 
from a value closc to two at low concentrations (0.5 - 1 mM) to 
a value close to unity at high concentrations (4-8 mM), as shown 
by the curved plot in Figure 1. When Co(l) = 4 m ~ ,  the reaction 
is under purely kinetic control a t  low scan rates, and a value of 
dE,/dlogv = - 18.9 mV/dccadc was determined (Figure 2) by 


1.8 
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-0.5 0 0.5 1 
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Figure 1 .  Dependence of the value of 1," ~ determined by DCV on the concentration 
of 1. C'"(1) = 0.5. 1, 2 ,  4 and XmM, in DMF (0.1 M Et,NBr), E v  - E,, = 0.2V, 
T = 21 C, H g T t  electrode 


-490 
slope = -18.9 mV 


-500 
-0.8 -0.6 -0.4 -0.2 0 0.2 


log( a s - ' )  


FiSure2. Dependence of peak potential 011 sweep rate, 1'= 0.2-1 V s - ' .  deter- 
mined by LSV. c'"(1) = 8mM in DMF (0.1 M Et,NBr), T =  21 'C ,  Hg/Pt electrode. 


linear sweep voltammetry (LSV). The value of the half peak 
width E,,, - E, was 43.7 mV. These observations are in fair 
agreement with a mechanism involving an electrochemically 
reversible electron transfer followed by rate-determining dimer- 
ization of two radical anions [Eqs. (1) and (2) in Scheme 21. This 
mechanism is theoretically predicted[221 to give E,,, - E, = 


38.8 mV and dE,/dlogv = - 19.4 mV/decade under purely 
kinetic conditions. 


32- 


3 + OH- (3) 32- + HzO & 
Scheme 2. Mechanism of the cathodic hydrodimerization of 1 to 3 in DMF. 


The dianion formed by dimerization is subsequently proto- 
nated by residual water in the D M F  [Eq. (3) in Scheme 21, but 
since the ratc of dimerization increases with increasing concen- 
tration of I ,  protonation may become rate-determining at high 
values of C"(1). Consequently, the dimerization process may be 
partially reversed during the anodic scan of the DCV experi- 
ment if the dimerization equilibrium is not displaced too far to 
the right, and this gives rise to higher values of R ,  = - $(ox)/ 
iL(red) than in the case of an irreversible dimerization. Expcri- 
mentally this behavior gives rise to apparent reaction orders 
1 + d logv,,,/dlogCo(l) smaller than 2, explaining the curved 
plot in Figure 1. An approximate second-order rate constant k ,  
for the dimerization step can be calculated from the value of vo.5 
at  Co(l) = 0 . 5 m ~  and theroretical data (see Experimental Sec- 
tion), assuming that the rate-determining step at  this concentra- 
tion of 1 is dimerization of two radical anions. The value of 
k ,  = 1.5 x 1 0 5 ~ - ' s - '  calculated in this way may be compared 
with the value of k ,  = 1.8 x 1 0 ' ~ -  's- '  determined from the 
values of E, - Eo obtained at Co(I) = 8mM and I? = 0.2, 0.5, 
and 1 VS-',  that is, under purely kinetic conditions, by Equa- 
tion (if, which is valid for an irreversible dimerization of two 
radical 


k, = (&)exp [g (E ,  - E") + 3 x 0.9021 


The two estimates of k ,  are identical within the precision of 
the measurements and may be compared with the value ob- 
tained for the dimerization of the radical anions derived from 
4-cyanophenyl cinnamate (k ,  = 5.7 x 1 0 4 ~ - '  S C ~ ) . [ ~ ' ]  The rad- 
ical anion of this cinnamate has the largest dimerization rate 
constant in the series of ten alkyl and aryl cinnamates previously 
studied.["] The data for 4-cyanophenyl cinnamate showed ex- 
actly the same but less pronounced trend towards a shift in 
rate-determining step from dimerization to protonation with 
increasing concentration. 


Voltanzmetric. Studies qf 1 in MeOH and in MeOH/H,O (111) : 
In McOH (0.2M Et,NBr) 1 is also reduced in a one-electron 
process, but the chemical reaction following electron transfer is 
much faster than in DMF. The follow-up reaction may be partly 
outrun by using a scan rate of 1000 Vs-' (which compares to a 
scan rate of about 10 Vs-  in D M F )  at  a substrate concentra- 
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tion of 0 . 5 m ~ ,  which allows determination of EO(la) = 


- 1.625 V vs. SCE (Scheme 3). Thus the reduction takes place at  
a more anodic potcntial in MeOH than in DMF. The nature of 
the follow-up reaction was studied by DCV in the scan-rak 
range v = ~O-IOOOVS-', and by LSV at  low scan rates 
(v = 0.2-10 Vs- ' )  where the reaction is under purely kinetic 
control. The values of dE,/d logv = - 19.5 to - 22.6 mV/decade 
and dE,/dlogC" = 17.8 mV/decade obtained by LSV (Figures 3 
and 4) indicate that the only reaction following electron transfer 
is dimerization of two radical anions.["' 


-490 I I I 


slope = -21.6 mV 


-530 - 
slope = -19.5 mV 


-550 
-1 -0.5 0 0.5 1 1.5 


log( f l s - ' )  


Figure 3. Dependence of peak potential on sweep rate, v = 0.2-10 Vs- ' ,  deter- 
mined by LSVat C"(1) =lm~(~),2m~(0),4m~(.jandXin,~(m)in MeOH(0.2b1 
Et,NBr), T = 21 "C, HgjPt electrode. The values of dE,,/dloge increase systemati- 
cally from Co(l) = 1 mM ( -  19.5 mV/decade) to C"(1) = 1 mM (- 21.6 invldecade). 


-500 slope = 17.8 mV 


-0.5 0 0.5 1 
log(CO/mM) 


Figure 4. Dependence of peak potential on the concentration of 1, C"(1) = 0.5- 
XmM, determined by LSV at 1' = 1 Vs- in MeOH (0.2M Et,NBr). T = 21 "C. HgiPt 
electrode. 


This is further supported by the values of the half peak width 
E,,,2 - E, measured in the LSV experiments (Table 7), which are 
in agreement with the theoretical value (38.7 mV["') for a 
simple dimerization mechanism. By application of Equa- 
tion (i),["] the second-order rate constant was determined, 
Table 7, giving an average of k;  = 1.4 x lo7 M-. ' s - ' .  In good 
agreement with this value, k 2  =1.7 x lo7 M - I S - '  was deter- 
mined by fitting the DCV data to  theoretical data (see Experi- 
mental Section) for the same mechanism (Figure 5). Compari- 


Table 7. Peak shifts. ED - EO, peak shapes, EPi2 - E,, and second-order rate con- 
stants for dimerization determined by LSV of 1 in MeOH ( 0 . 2 ~  Et,NBr).'"' 


0.5 
1 .o 
2.0 
4.0 
x.O 


40.7 
41.7 
40.1 
38.5 
36.8 


0.0250 1.69 x 10' 
0 0285 1.28 107 
0.0340 1.22 x 107 
0.0420 1.57 x 107 
0.0450 1.12 x 107 


(1.4f0 2 )  x 107 [d] 


[a] HgjPt electrode. T =  22"C, v = 1 Vs '. [b] Eo determined by CV at 
1, = 1000 Vs- '  as '/2(E;d + E;) at C"(1) = 0 . 5 m ~ .  [c] Determined from E, - En 
and Equation (I). [d] Average of values above. 


log( dws-') 


- 


~- 
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1 


0.8 


0.6 


0.4 


0.2 


RI' 


0 
1 2 3  -1 0 


-log(kCRT/(Fv)) 


Figure 5. Fit of experimental values of  R', vs. logy measured 17) DCV 
(E" - ES>\ = 0.2 V) for 1 ,  C"(1) = 0.5mM, in MeOH ( 0 . 2 ~  Et,NBr) to  t1iroretic;il 
data for the mechanism described in Scheme 3 with ratc-determining dimerirnhoii. 
T = 21 'C, Hg/Pt electrode. 


son shows that the rate constant for dimerization is two orders 
of magnitude larger in MeOH than in DMF (see above). 


Analogous measurements were carried out in MeOH/H,O 
( l / l )  ( 0 . 2 ~  Et,NBr), and the results (Table 8 and Figures 6-8) 
were qualitatively identical to  those obtained in purc McOH : 


Table 8. Peak shifts. E, - Eo, peak shapes. E, - E,. and second-order rate con- 
stants lor dimerization determined by LSV of 1 i n  MeOH H 2 0  ( 1 : l )  ( 0 . 2 ~  
Et,NBrj . In1  


0.5 
0.9 
1.9 
4.0 
8.2 


3x.5 
38.7 
3x.2 
38.5 
38.6 


0.0223 I 26 x lo' 
0.0287 I SO x 10' 


0.0409 1 43 x 10' 
(1.0448 1.1 I x 10- 


0.0352 1.53 10' 


( 1 . 4 f 0 . 2 ) ~  10' 


[a] Hg/Pt electrode. T =  20°C. i * = 1  VsC'. [b] E" determined by CV ;it 
1' = 1000 Vs-' as i/2(EF" +EF) at Co(l) = 0.5mM. [c] Drterinined from E, - E" 
and Equation ( i ) .  [d] Average of values above. 


-470 I 


-1 -0.5 0 0.5 1 


log( N s - ' )  
Figure 6. Dependence ofpeak potential on the sweep rate. 18 = 0.2-10 Vs- ' .  drter- 
mined by LSV at C'(1) = 0 . 5 m ~  (A),  I n m  (01, 2 m ~  (v). 4 r n ~  (m). and XniM (0) 
in MeOH/H,O (111) (0.2M Et,NBr), T =  21"C, Hg/Pt electrode. The values of 
dEJdlogi8 are all in the range - 18.8 to  -21 .0 iiiV,'decade. 


Eo(la)= -1.635Vvs.  SCE, k ; = 1 . 4 x 1 0 ' ~ - ' s - '  by Equa- 
tion (i), and k2 = 2.7 x lo7  M - ' s - '  by fitting the DCV data to 
the working curve. The reason for the slightly larger discrepancy 
between the two types of measurements in this case was not 
further explored. 


The most likely mechanism under hydroxylic conditions is 
outlined in Scheme 3. The introduction of a specifically solvated 
(by a hydrogen bond) radical anion, 1 a'-, is in agreement with 







FULL PAPER 


log(C"lmhn) 


Figure 7. Dependence of peak potential on the concentration of I .  C"(1) = 0.5- 
Xmhi. determined b y  LSV at ) ' = I  V s - '  in MeOH'H,O (1:l) ( O ~ M  Et,NBr), 
T -  21 C. Hg'Pt electrode. 


log( a s - ' )  


R i . j - - - - J q  


0.4 


0 2  


0 
-1 0 1 2 3 


-log(kCORT/(Fv) 


FigiireX. Fit of cxperimental values of R ,  v b  log), nirasured by DCV 
(E" -~ E,, = 0 2 V) for 1. c'"(1) = 0.5rnh.1, in  MeOH/H,O (1 1 )  ( 0 . 2 ~  Et,NBr) to 
theoreticiil data for the mechaniqm described in Scheme 3 with rate-determining 
diiiieriration. T =  21 C .  HgPt  electrode 


3a r 
Scheme 3. Mechaiuzin of the cathodic li)dr~~diinrrizatioii of 1 t o  3 in MeOH or 
McOH 'H,O 


general views of anion solvation in  hydroxylic mcdia'231 and is 
also in good agreement with the fact that thc dimerization pro- 
cess in DMF is considerably slower since it takes place between 
two nonspecifically solvated radical anions. This interpretation 
of thc change in behavior when the solvent is changed from 
DMF to MeOH or MeOH/H,O is analogous to the interpreta- 
tion given for the similar changes observed for 
aryl cinnainates. 


Voiroinnietric, Siiidiips of I in MeOH and in MeOH/H,O (111) 
ziiitler acidic conclitiotzs: From the results obtained in the absence 
of added acids, it appears that the radical anion reacts exclusive- 
ly by the dimerization pathway leading to the hydrodimer 3. In 


M. F. Nielsen, H. J. Schlfer et al. 


order to obtain the dihydro product 2, it is therefore necessary 
to add a strong proton donor to compete favorably with the fast 
dimerization process. To mimic the conditions of the prepara- 
tive work HCI was used as the proton source. 


The voltammogram obtained a t  Co(HCI): Co(l)  = 1 :2 (Fig- 
ure 9) gives a qualitative picture of the tremendous effect of 
strong acid on the reduction of 1;  the reduction peak splits into 


O -1 I 


-1.8 -1.6 -1.4 -1.2 
EW 


Figure 9. Cyclic voltaminogxn of I (?inn$) in  MeOH H 2 0  ( 1  1 )  (0 5 \I Lic'l) in the 
presence OS lmni HCI. Y = 1 V s ~  ' .  


two peaks due to the complete consumption of the protons 
before all the substrate is reduced. The more cathodic peak 
corresponds to the original reduction peak observed in the ab- 
sence of acid, while the new, more anodic peak represents the 
reduction of a new species. The large difference in potential 
between the two peaks ( >  150 mV) is not compatible with a 
simple kinetic shift of part of the original peak. as can be ob- 
served in some cases when the substrate is stoichioinctrically in 
excess with respect to an added reactant.r241 Assuming that a 
fast protonation of the radical anion leads to a normal 2e-. 
2H' process that can be described by a simple DISP 1 mecha- 
nism with rate-determining proton transfer, the maximum ki- 
netic shift will be less than 80 mV at 1' = 1 V s - '  when 
C"(H' ) = 1 1 n ~ . [ ~ ~ ~ ~  


When the concentration of 
acid is increased, the original 
peak disappears while the new 
reduction peak grows, and 
when the reaction is under 
pseudo-first-order conditions 
with respect to the concentra- 
tion of protons [Co(HCI): 
Co(l)> 10],'251 Ihc voltam- 
mogram is severely distorted 
owing to the discharge of'pro- 
tons, which turns the new rc- 
duction peak into a shoulder 
on the broad proton reduc- 
tion wave (Figure 10a). How- 
ever. by use of scan ratcs 
above 10 Vs which makes 
the proton reduction cathod- 
ic, and by application of thc 
first derivative which turns the 
potential of the "shoulder" in- 
to a local minimum (Fig- 
ure lob) ,  it is possible to ob- 


-1.0 E ' ,  Ep -1 7 
V vs. SCE 


Figure 10 The current ('11 and the 
first derivative (b) of thc cui-rciit for '1 
linenr potentinl 5wcep in thc r;inzs 
- 1  0 to - 1.7 V I \ .  SCk ;it I '  = 
100 V s  ' o n  B I i m i  solution d 1 in 


upon addition of 101nii HCI 
T = 21 C, He Pt elcctrodc 


M e O H ' H 2 0  ( 1  1 )  ( 0 1 3 1  Et,NBrl 
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tain information regarding the number of electrons and the 
change in potential with scan rate. Since the potential En and 
height ib of the peak in the derivative signal is less affected by 
increasing proton concentration than the minimum, these 
parameters were chosen for the measurements. However, in- 
creasing proton concentration still broadened the derivative 
peak considerably, and it was therefore chosen to use i k ~ ' / v ' ' ~  
(where w' is the half peak width of the derivative peak; see 
Figure l o b )  instead of $ /v '~ '  as the mcasure of the number of 
electrons transferred. The most important observations are: 
a) The reaction is a one-electron reaction as judged by compar- 
ing the normalizcd current i ~ w ' / v t 1 2  with the same quantity mca- 
sured on the derivative peak of the "original" voltammogram 
obtained before addition of protons (Figure 11); the increase in 
i ~ w ' / v ' ' 2  at  the lowest scan rates is due to the contribution from 
proton discharge. b) The value of dEp/dlogv is in the range 
- 17.6 to -22.1 mV/decadc (Figure 12). These obscrvations in- 


I -  * I 


- - - -  1 4 


0.5 1 1.5 2 2.5 


log( m - 1 )  


Figure 11. Normalized current. i , w ? ~ " ~  (i;, and \v' are defined in Figure 1 0 b j  of the 
derivative signal at  different concentrations of HCI, C"(HCI) = 0m.M (A). 1 O i i i ~  


(01, 2 0 m ~  (v) and 4 O m ~  (m) measured at different ccan rates in the rauge 11 = 5 -  
200 V C '  by LSV on the first derivative of thecurrent. C"(1) = 1 mM in MeOH,'H,O 
(1  : 1) ( 0 . 2 ~  Et,NBr). T = 21 .C. Hg!Pt electrode. 


a 
-645, I 


0.5 1 1.5 2 2.5 
log(f ls- ' )  


-440 


-460 


-480 


slope = -17.6 


slope = -22.1 


0.5 1 1.5 2 2.5 
log( LAIS-') 


dicate that the process has not changed into a 2 e - .  2H' reduc- 
tion upon addilion of acid; instead the onc-clectron transfer is 
followed by a second-order reaction of the electrochemically 
formcd species. Reliable measurements of dEp/d logCo(HCI) 
were not possible since the shape of the background (the proton 
reduction) changed significantly with C"(HC1); however, the 
values of dEn/dlogCo(HC1) measured at the scan rates 100 and 
200 V s- I ,  for which the influcncc of the proton reduction on the 
substrate reduction is smallest, are in the range 51 -56 mVi 
decade (Figure 13). 


E'drnV 
VS. Estcv~ 


slope = 51 mV 


-460 


-480- ' . . ' 
0.9 1.1 1.3 1.5 1.7 


lOg(C"(HC1)hM) 


Figure 13 Peek potcntial dependence of the first derivative of the signal on the 
concentration oTHCI, C"(HC1) -10, 20 and 4 0 m ~ .  at 1\10 scan ~i i ies.  L' = 100 (A) 
and 2 O O V s - '  (o), determined by LSV. C"(1) =1nih1 In MeOH H,O ( I , ] )  ( 0 . 2 ~  
Et,NRrj, T =  21 "C, Hg Pt electrode. 


These observations can be interpreted by Scheme 4. The tight 
complex 1 b between thc substrate and H,O+ is formed in a 
pre-equilibrium. Owing to the positive charge, this complex is 
expected to have a much more anodic value EO(l b) than the 
loosely hydrogen-bonded 4-methylcoumarin Eo( 1 a) found un- 
der neutral conditions. 


Although the equilibrium constant for formation of the com- 
plex probably is rather small (no new species can be detected by 
UV measurements in the presence of HCI), the rate constants 
for formation and dissociation of the complex arc cxpcctcd to be 


l b  7' 


7- 
H30' 


4 A- 4-H+ - 2  
E'(8') \ -  


8 -  Figure 12. Peak potential dependence of the first derivative of the signal on  the 
sweep rate at  different concentrations of HCI measured by LSV. C"(1) = 1 mM in 
MeOH!H,O ( 1 , l )  (0.2M Et,NBr). T =  21 ' C, Hg,'Pt electrode. a) C*(HCI) = 


OmM; h);Co(HCl) = Z O i i i ~  (A), ?OmM (v ) ,  and 4 0 m ~  ( m )  


s' 
Scheme 4. Mechmism of the cathodic reduction of 1 to 2 and 3 in acidic MeOH' 
H,O. 
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high, that is, equilibrium is maintained during the voltammetric 
experiment even at scan rates up to 200 V s- I .  Since the equi- 
librium in which the complex is formed will be displaced to- 
wards the complex with increasing concentration of HCI, the 
peak potential for thc reduction of the complex is expected to 
shift in the positive direction by 60 mV with a tenfold increase 
in  HC1 concentration if the equilibrium constant for formation 
of the complex is ~ m a I I . [ ~ ~ l  


Simultaneously with the electron transfer (or in an extremely 
fast and far-displaced equilibrium), the proton shifts from water 
to the keto group to give the oxygen-protonated radical anion 
7'. This neutral radical can then dimerize or be reduced, but it 
will be more difficult to reduce than the initial complcx 
[E"(l b ) >  E"(7' ) ] ,  in accordance with the one-electron height of 
the normalized derivative peak current. The corresponding re- 
duction peak at a more cathodic potential will therefore overlap 
with the proton reduction process. Similar observations (i.e., 
that the neutral radical corresponding to  an oxygcn-protonated 
radical anion is niore difficult to rcduce than the substratc) have 
previously been madc for alkyl cinnamates which are protonat- 
ed by MeOH in MeOH,'"' for benzaldehyde in aqueous 
buffers,r271 and for fuchsone and analogucs in DMF in the prcs- 
ence of phcnols.r281 In these cases, the radical formed by proto- 
nation of the radical anion is more difficult to reduce than the 
neutral hydrogen-bonded substrate; here this would correspond 
to E O ( l  b)>>E0(1a)>E0(7'). 


The rate constant for dimerization k; of the two neutral rad- 
icals 7' thus formed (Scheme 4) is expected to be larger than the 
rate constant k; for dimerization of the two specifically solvated 
radical anions formed in the absence of proton donors 
(Scheme 3),that is, k';> 10' M - ' s - '  is expected. A fast dimcr- 
ization as the dominant reaction following electron and proton 
transfer is in good agreement with the observed dE,/ 
d  log^ z - 20 mV/dccade, which indicates a second-order reac- 
tion of the product of the electrode process (under these condi- 
tions, the neutral radical 7'). 


Thr EiTecr ofLi' : The main effect of the addition of Li ' ( 1 . 0 ~ )  
to a 1 mM solution of1  in MeOH/H,O (1/1) (0.1 M Et,NBr) is an 
anodic shift of the background (proton reduction) due to acidi- 
fication of the medium by specific solvation of Li t  by ROH. As 
a result the peak potential for rcduction of 1 becomes slightly 
morc anodic ( 5 -  15 mV), and the normalized peak height in- 
creases by about 30%. At the same time, the peak width increas- 
es from around 40mV to around 50mV, and the voltam- 
mograms become less reproducible. 


Reduction of a 1 mM solution ol" 1 in the presence of Li+ and 
20mM HC1 also leads to broader derivative peaks than in the 
abscnce of Li'. with a significant contribution to the height of 
the derivative peak from proton reduction. However, a value of 
dEp/d logv z - 20 mV/dccade is also found in this casc, and this 
indicates that the follow-up reaction is unchanged by the pres- 
ence of Li + . 


The ,?:ffcc./ of YohirnhineH ' : Initially, the voltammetry of 
yohimbine hydrochloride (1 mM) was studied in MeOH/H,O 
(1 :1)(0.1 ~ E 1 , N B r ) i n  theabscnceofl. A broadreductionpeak 
(EP , - E, z 9 0  mV) was found, 50-100 mV more cathodic (de- 
pending on thc scan rate) than the peak corresponding to the 


rcduction of 1 in neutral MeOH/H,O ( l i l ) .  This reaction is 
interpreted as a yohimbine-catalyzed reduction of protons, and 
this is confirmed by a large increase in the current upon addition 
of HCI (10mM) to the solution without any significant change in 
peak potential. At low scan rates (< 10 VS- ') the yohimbine- 
catalyzed reduction of protons is accompanied by adsorption. 
a s  shown in Figure 14. If Li' is added to the solution, the ad- 
sorption behavior also dominates a t  higher scan rates. Addition 
of yohimbineH' to a solution of 1 leads to a very broad and 
ill-defined voltammetric peak (Figure I S ) ,  especially when HCI 
and Li' also are present, which cannot be analyzed with confi- 
dence. 


-1.0 -1.6 -1.4 -1.2 
EN 


3 


Figure 14. Cyclic voltammogram of yohimbine ( 2 i n ~ )  in the presence of 1 mM HC'I 
in MtOH!H,O (1  1 )  ( 0 . 5 ~  LICI). I' = 0.7 V s - ' .  


-2.0 -1.5 -1.0 4.5 
EN 


Figure 15. Cylic voltammogram of 1 ( 2  mM) in the presence ofyohimbine and 1 imi  


HCI in MeOH/FI,O (1;l) ( 0 . 5 ~  LiCI). I' = 1 V s - l .  


From the voltammetry of yohimbineH+ alone (in MeOH: 
H,O with Et,NBr or LiCl as supporting electrolyte) it s e e m  
reasonable to  suggest that it is the neutral yohimbine formed by 
reduction of the protons which is adsorbed. The reason is prob- 
ably the much smaller solvation energy expected in hydroxylic 
media for the neutral form than for the protonated form, hence 
neutral yohimbine is almost insoluble. 


From the analysis of the experiments carried out in the ab- 
sence and presence of yohimbineH+, there is no indication that 
the reduction of 1 in acidic MeOH/H,O with LiCl as supporting 
electrolyte in the presence of yohimbineH' should follow an- 
other reaction pathway than in the absence of yohimbineH' 
until the last step(s) which determine the fate of 7'. 


Mechanistic Proposals 


The ill-behaved nature of voltammetry under experimental con- 
ditions analogous to the preparative ones means that the conclu- 
sions drawn about mechanistic features under these conditions 
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are necessarily somewhat speculativc. However, from the com- 
bination of preparative results and mechanistic studies carried 
out in the absence ofyohimbine, a number ofconclusions can be 
drawn. In the absence of yohimbine, hydrogen cvolution takes 
place at a more anodic potential than in its presence, and there 
is no cnantiomeric excess in thc formed 2. Even small amounts 
of yohimbine ( 0 . 2 5 m ~ )  give rise to significant ee's in 2 (see 
Table 3). This points to an enhanced concentration of yohim- 
bineH' at the electrodc surface, and one possibility is that 
yohimbineH' is specifically incorporated (as a cation) into the 
double layer owing to a favorable interaction of the lipophilic 
alkaloid cation with the Hg electrode compared to  its interac- 
tion with the highly hydrophilic bulk solvent. This view is sup- 
ported by the fact that i f the cation of the supporting electrolytc 
is changed from Li+ to Bu,N+ thcrc is a dramatic decrease in 
the ee of 2 (Table 2), which may be explained by an efficient 
competition for prefercntial incorporation of this nonacidic and 
lipophilic cation into the double layer due to the much larger 
concentration of Bu4N+ than ofyohimibineH' (0.5 vs. 0 . 0 0 2 ~ )  
in the catholyte. Furthermore, the increase in the yield of 2 upon 
increasing the water content of the catholyte (Table 6) is consis- 
tent with enhanced incorporation of the yohimbincH+ with 
increasing hydrophilicity of the solvent. Previous experi- 
m e n t ~ [ ' ~ ~ ]  have shown that increasing the stoichiometric con- 
centration of yohimbine only leads to higher ee of 2 within a 
narrow Concentration range. When the MeOH/H,O ratio is 4/6, 
as in the previous the maximum effect of yohimbine 
is reached at  a concentration of 0.25mM. When MeOH/H,O is 
1/1. a s  in most of this study, the saturation effect is reached at  
a higher stoichiometric concentration according to the data in 
Table 3, which show that the ee of 2 at  p H  2 (and indepcndcnt 
of the working potential) is higher when 2mM rather than 
0.25 mM yohimbine is uscd. A specific interaction between 
yohimbineH' and mercury can not be ruled out, since a change 
in cathode material (Table 4) not only leads to a decrease in the 
chemical conversion of 1 due to increased hydrogen evolution 
but also to a much smaller ee of 2. 


The main mechanistic qucstion is the exact function of yohim- 
bineH+ in the last steps of the reduction of 1. Three possibilities 
will be discussed: 1) The neutral radical 7' is reduced to 7 -, 
which is enantioselectively protonated by yohimbineH + in thc 
last step. 2) YohimbineH' catalyzes thc isomerization of 7' to 
the more easily reduced keto form 8', which is then reduced and 
enantioselectively protonated by yohimbineH'. 3) Parallel to 
the reduction of 1 b to 7', yohimbineH+ is reduced to a yohim- 
bine-H' complex, which enantioselectivcly transfers H' to the 
radical 7'. 
The kinetic results obtained in neutral McOH/H,O clearly show 
that the medium is too wcak an acid to protonate the radical 
anion, and this will still be the case in the presence of 2mM 
yohimbineH' [pK, (yohimbineH+) = 7.1 r2y1]. The hydrogen- 
bonded radical anion 1 a'+ therefore mostly dimerizes, even a t  
the low concentrations found during preparative electrolysis in 
MeOH/H,O (65 % 3, 7 % 2), since 1 a'- is not further reduced 
at the working potential of - 1.6 V vs. SCE, which is close to the 
values of Eo(la).  When the medium is acidified with HCI, the 
mechanistic results show that it is the complex l b  which is 
reduced, and this reduction takes place at  a more anodic poten- 
tial. At pH 3 the thermodynamic shift of the reduction potential 


is not sufficiently large for the reduction to be efficient at 
- 1.5 V, as indicated by the low conversion of 1 in Table 3, 
whereas at p H  2 the thermodynamic shift is sufficiently large for 
1 to be reduced at a working potential of - 1 .S V. This is in 
excellent agreement with the potential of the peak of thc dcriva- 
tivc signal (GI. ~ 1.40 V) determined by measurements in the 
presence of IOmM HC1 but in the absence of yohimbinc. 


Since the reduction of 1 b leads immediately to the neutral 
radical 7' (Scheme 4), a very important parameter is the reduc- 
tion potential of 7'. As mcntioncd above, it appears to be gencr- 
a1 that neutral radicals formed by protonation of radical anions 
at  the oxygen atom are morc difficult to reduce than the sub- 
strates from which they are dcrivcd.'"'- 27 .  281 F roin mcasurc- 
mcnts on the structurally related alkyl cinnamates in MeOH. the 
peak potential for reduction of the oxygen-protonatcd radical 
anion was found to be approximately 50-100 mV more cathod- 
ic than the value of E" for the Assuming a similar 
separation of thc two reduction potentials for 1, the peak poten- 
tial for reduction of the oxygen-protonated radical anion E,(7') 
is expected to assumc a value on the cathodic side of - 1.7 V vs. 
SCE, and the mechanistic studies showed that addition of Li ' 
did not shift the reduction of 7' to the potential of reduction of 
1 at  p H  2, or even in neutral solution. The first mechanistic 
possibility-the neutral radical 7' is reduced at  thc elcctrode to 
7T, which is protonatcd by yohimbineH+ to the enol fautomer 
of 2-is therefore unlikely, sincc thc clcctrolysis i n  all cascs was 
carried out in thc potential range - 1.45 to - 1.60 V vs. SCE, 
where heterogcnous rcduction of the intermediate 7' is unlikely 
to take place. Another argument against the direct heterogc- 
neous reduction of 7' is that competing formation of dimcr. 
which requires competition between further reduction and dif- 
fusion away from the electrode, is not lowered when the reduc- 
tion is carried out a t  - 1.6 V instead of at - 1.5 V (Table 3). 


Thc sccond mechanistic possibility, in which yohimbineH '~ 
catalyzes the isomerization of 7' to the more easily reduced 
keto form 8', which is thcn rcduced and enantiosclcctivcly 
protonated by yohimbineH' , may initially seem rather specu- 
lative. Quantum chemical calculations with MOPAC 6 lead 
to the following heats of formation: 7' -29.09 kcalmol-I, 
7-  -58.99 kcalmol-', 8' -32.86 kcalmol-', and 8-  
- 76.99 kcal mol- '. These values indicate that the isomeriza- 
tion 7'$8' is slightly exothermic (AE = - 3.77 kcalmol... I ) ,  


and furthermore that the reduction of 8' to 8-  ( A E  = 


- 44.13 kcalinol-') is much more exothermic than thc rcduc- 
tion of 7' to 7 (BE = - 29.9 kcalmol- '). In contrast to the 
enol radical 7' the keto radical 8' is expected to be morc casily 
reduced than 1, EO(la),  in accordance with other systcms in 
which thc radical anion is protonated at  a carbon atom, and for 
which the reaction changes from a 1 F to a 2 F  process when 
proton donors are added.[301 A precise value of the reduction 
potential for 8' can not be obtained. but a valuc 200- 400 mV 
more anodic than the value of EO(l a), that is between - 1.25 
and -1.45 V, is likely, judged from the approximate relative 
valucs for other ~ y s t e m ~ ~ ~ " ~ ~ ~ ] .  The idea that yohimbineH+ cat- 
alyzes the tautomerization of 7' to 8' is supported by a parallel 
study of the enantioselective hydrogenation of 3-methylinden- 
l - ~ n e [ ~ ~ ]  in which there is evidence for a change from a one- to 
a two-electron process in the presence of an alkaloid in acidic 
media. 


~~ 
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A valiic of E,,(8') in the range - 1.25 to ~ 1.45 V shows that 
8' will be reducible at thc working potentials used in the prepar- 
ative experiments. Its reduction leads to formation of a strongly 
basic carbanion 8 - ,  which has to be protonated by yohim- 
bineH' for the observed enantioselcctivity. As discussed above, 
it is likely that the concentration of yohimbincH' is higher a t  
the electrode surface than in the bulk when Li+ is the supporting 
electrolyte cation, since even small amounts of yohimbineH-' 
lead to a considerablc ee in 2 (Table 3). The protonation there- 
fore must take place very close to thc surface, since if the weak 
acid yohimbineH' competed with the more abundant H 3 0 +  (at 
pH 2) in the bulk, a much smaller ee of 2 would be expected. 
Catalysis of thc isomerization by yohimbineH + must also take 
place close to the surface (in competition with diffusion of 7' 
into the solution and diinerizdtion), in good agreement with thc 
observation that a much smaller yield of 2 relative to 3 is ob- 
tained when Bu,N+ is the supporting electrolyte cation, since 
Bu,N + niay compete favorably with yohimbineH+ for incorpo- 
ration into the double layer. 


When the electrolysis is carried out a t  - 1.6 V, simultaneous 
proton discharge becomes significant. Assuming that thc proton 
discharge takes placc via reduction of yohimbineH' to yohim- 
bineH', this parallel reduction will lowcr the concentration of 
yohimbineH ' more at  - 1.6 V than at  - 1.5 V and thereby 
decrease the amount available for isomerization of 7' to 8' and 
for thc cnantioselective protonation of 8- .  This may explain the 
decreased ee in 2 at p H  2 when the electrolysis is carried out a t  
-1 .6V instead of a t  -1.5 V (Table 3). 


The competition between isomerization and dimcrization of 
7' (and possibly dimerization of 8') will obviously be influenced 
by the concentration of 7', which, under othcrwise identical 
conditions, is proportional to the concentration of 1. The com- 
peting dimerization of the intermcdiate leading to the hy- 
drodimer 3 will be favored by an increase in the substrate con- 
centration (Table 5 ) .  A very low (0.1 - 0 . 2 m ~ )  concentration of 
1, as is obtained by using a flow cell Tor the prcparative electrol- 
ysis, is an advantage compared to previously published results 
for a beaker-type cell in which the total amount of 1 was added 
to the catholyte before electrolysis was i r~i t ia ted.~ '~"]  


None of the preparative or mechanistic results are in disagrce- 
ment with this second mechanistic possibility, outlined in 
Scheme 4, but a third mechanistic possibility has to be examined 
as well: that parallel to the reduction of 1 b to 7', yohimbineH' 
is reduced to a yohimbinc-H' complex which enantioselectivcly 
transfers a hydrogen atom to the radical 7'. Regardless of 
whether the working potential for the preparative electrolysis is 
- 1.5 or - 1.6 V, the reduction of 1 is accompanied by proton 
reduction, which leads to evolution of hydrogen. Since yohim- 
bine appears to be involved in the proton reduction and is abun- 
dant in the vicinity of the electrode (see above), one may envis- 
age the proton reduction as a reduction of yohimbineH' to a 
yohimbine- H' complex, which could act as a n  enaiitiosclective 
H' donor towards the radical 7'. This radical-radical combina- 
tion is expected to be fast and could therefore compete with thc 
fast dimcrization of 7' due to a higher concentration of yohim- 
bine-H' than of 7'. However, since the proton reduction is more 
efficient at ~ 1.6 V than a t  - 1.5 V the ee o f 2  would bc expected 
to be largcr at - 1.6 V than at  - 1.5 V (at p H  2 ) ,  but the oppo- 
site is found (see Table 3). This third mechanistic possibility 
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therefore seems to be less likely than thc second, especially given 
that the overall similar behavior of the related system 3- 
methylinden-I-one is incompatible with this third mechanism, 
since the reduction process in that case takes placc at a much 
more anodic potential.[311 


Quantum Chemical Modeling of the Enantioselective Proton 
Transfer from the Yohimbinium Cation (4-H') to the 4-Methyl- 
3,4-dihydrocoumarin Anion (8-):  A last question concerns the 
possibility of explaining the preferred formation of (R)-2 in thc 
final proton transfer step. By using forcc-field methods and 
choosing a distinct distance between the proton in 4-H+ and C 4  
in 7-  it has been calculated that the probability of xi attack of 
4-H+ at  C 4  in 7-  leading to (R)-2 is higher than that of 1'6' 


protonation leading to (S)-2.['4b1 To make this statement morc 
general and to transfer this model to substrates other than 4- 
methylcoumarin (l), it was desirable to calculate the differcnt 
encrgics of the two diastereomorphic transition states for the re 
and si protonation of 8 - .  For the calculation of these ion pairs, 
which contain 38 heavy atoms, the scmiempirical method 
AM 1[321 was used. 


At first the simple model system 9, the protonation of 4- 
methyl-4-H-pyrnnyl anion by ammonium cation, was investi- 
gated. The generally assumed,[331 preferred linear geometry for 
the proton transfcr was taken into account with the boundary 
conditions N-H 1-C4 = 180' and N-C4-0  1 = 90'. Several ini- 
tial geometries with different fixed N - C 4  distances were cho- 
sen, and the energies along the paths for the proton transfer 
were calculatcd with the AM 1 method and the program pack- 
age VAMP 5.0.[341 An N-C4 distance of 3.5 8, proved to be 
suitablc for modeling the proton transfer. This coincides nicely 
with thc distance used in ref. [14b]. If a smaller distance is cho- 
sen, interaction occurs between N and C4,  and the proton is 
transferred without an energy barrier. Figure 16 depicts the en- 
crgy profile for N - C 4  = 3.5 A. This minimum distance is trans- 
ferred to the calculations for the proton transfer from 4-H' 
to 8- .  


0 ; I I , I , I I I I I I , I I , l l , ,  , 1 1 ~ 1 /  


1.4 1.6 1.8 2.0 2.2 2.4 2.6 


9 distance C1-H' (A) 


Figure 16. Calculated energies for the proton transfcr in 9 with variable C4-H 1 
distances (N-C4 fixed at 3.5 A). 


Now 36 initial geometries are generated for the siprotonation 
in the ion pair 10 (Scheme 5 ) ,  which consists of 4-H' and 8 - ,  
whereby the dihedral C 5'-N l-C4-C4a angle 0 is increased in 
10" steps and then kept constant during the calculation. The 
distance N 1 - C 4  is kept constant a t  3.5 A. The linear transfer of 
the proton is maintained by the conditions N 1-C4-01 = 90 
and H 1-C4-0 1 = 90'; all other parameters are left frce for 
optimization. Analogous calculations were carried out for the 
ion pair leading to re protonation. 







Schrnie 5 The ion pair 10. in which 4-Hf protonares 8 


For all 72 initial geometries, the reaction path for the 
proton transfer is calculated for H 1 -C4 distanccs between 1.8 
and 2.2 8, in a step width of 0.1 8,. The 72 reaction paths 
obtained all have a similar shape, shown in Figure 16. 
They differ. however, in the energies a t  the summit of the reac- 
tion path. This point is always found at  a H I G C 4  distance of 


The results are shown in Figure 17, which depicts the calculat- 
ed energy of formation of the ion pairs at the highest point of the 


2.0 A .  
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Figure 18. Geometry of the ener@ically most favorable v t  prolonation of  8- by 
4-H + . 


Figure 19. Geometry of the energeticdly inost favorable si pi-otonation of 8-  by 
4-Bi 


0 30 60 90 120 150 180 210 240 270 300 330 360 
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Figure 17. Transition-state energies for re protonation (v) and s i  protonation (0) in 
the ion pair 4-Hi  -8  iis a function of the dihedral angle CS-NI-C4-C4a. 


reaction path as a function of the dihedral angle. The lowest 
summit energy for re approach is -88.76 kcalmol-', and the 
corresponding value for si approach is - 89.28 kcal mol '. The 
geometry for the energetically most favorable re protonation is 
shown in Figure 18, and that for the corresponding si approach 
in Figure 19. 


The energy difference between re and xi protonation, leading 
to ( - ) - ( S ) - 2  and ( + ) - ( R ) - 2 ,  respectively, amounts to AE = 


- 0.52 kcalmol-' in favor of (R)-2,  which corresponds to the 
experimental results. Regarding the assumptions made in the 
model and the error limits of the AM1 method, the order of 
magnitude of the enantiomeric excess (about 40%) is well met. 
The calculated energies are those for the gas phase, whilst in the 
real system solvated ionic structures exist, which are stabilized 
compared to those in the gas phase. 11 appears reasonable, how- 
ever, to assume that the ion pairs in Figure 18 and 19 experience 
a similar stabilization by solvation. 


Conclusions 


In acidic MeOH/H,O (1/1) 4-methylcoumarin (1) is cathodical- 
ly reduced to a mixture of 4-methyl-3,4-dihydrocoumarin (2), 
the hydrodimer bis-4,4-(4-methyl-3-hydrocoumarin) (3)  ~ 3-(2'- 
hydroxypheny1)butanoic acid (5 )  and methyl 3-(2'-hydroxy- 
pheny1)butanoate (6). In the presence of yohimbine (4) an excess 
of (R) -2  is obtained. Since the reduction of 1 overlaps with the 
proton discharge, mercury, due to  its high overpotential for 
hydrogen evolution, is essential as cathode material for a high 
conversion of 1. The chemical yields of 2 and 3 and the enan- 
tioselectivity of 2 depend on a number of reaction parameters. 
By combination of preparative-scale cxperiments and the results 
of electroanalytical measurements, it has been possible to pro- 
pose a mechanistic model for the reaction. 


The most likely mechanism under the acidic conditions of the 
preparative-scale experiments is that small amounts of a com- 
plex 1 b of the substrate and H,O+ are formed in a Fast pre-equi- 
librium. Due to its positive charge this complex is expected to 
have a much more anodic reduction potential EO(l b) than the 
loosely hydrogen-bonded 4-methylcoumarin EO(l a) found un- 
der neutral conditions. The existcnce of a fast pre-equilibrium 
with a small equilibrium constant involving protons is support- 
ed by a dE,/dlogC'(H + )  value close to 60 mV/decade. Reduc- 
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tion of 1 b leads immediately to thc formation of the neutral enol 
radical 7', whose reduction potential Eo(7') is more cathodic 
than the rcduction potential of 1 in neutral media Eo(la),  and 
7' is therefore not reducible at thc working potential. This is 
supported by the fact that the reduction remains a one-electron 
process when the experiments arc carried out in the presence of 
an excess of protons but in the absence of yohimbine. Therefore, 
the main reaction in the absence of yohimbine is the fast dimer- 
ization of the radical 7' to form the hydrodimer 3. The ratc 
constant expected for the dimerization of 7' is probably close to 
the rate constant for a diffusion-controlled process and at  least 
larger than k ;  = 1.7 x lo7 M - I  s - '  found for the dirnerization of 
two hydrogen-bonded radical anions in neutral MeOH/H,O. 
The yohimbineH + apparently catalyzes the isomerization of 7' 
to the more easily reduced keto form 8 ,  which is thcn reduced 
and cnantioselectively protonated by yohimbineH' . Strong 
supporl [or this mechanistic suggestion comes from similar 
studies on the enantioselective hydrogcnation of %methylinden- 
I-onc.["' An estimated value of Eo(S*) in thc range -1.25 to 


~ 1.45 V shows that S', in contrast to 7'. will be reducible a t  the 
working potentials (~ 1.5 or - 1.6 V) used in the preparative 
experiments. Since the competition is between diinerization of 7' 
and yohimbinc-catalyzed isoinerization of 7' to 8 ,  the forma- 
tion of 2 as compared to 3 will be favored by small concentra- 
tions of 1, as found experimentally (Table 5 ) .  The much smaller 
amounts of 2 (with no ee) and larger amounts of3 formed in the 
absence of yohimbine would then correspond to a much slower 
tautomerization in the absence of yohimbine, a mechanistic pro- 
posal which has previously been invokcd for the reduction of a 
series of cinnarnates in MeOH.'3c1 Based on several observa- 
tions, we also propose that yohimbineH + is specirically incorpo- 
rated in the double layer, that is. the concentration at  the loca- 
tion where the electron transfer takes place is higher than in the 
bulk. Quantum chemical calcuiation of the transition states for 
.ci and re protonation in the ion pair between 8- and protonated 
yohimbinc (4-H') show that thc latter is 0.52 kcalmol-' more 
favorable, leading to an excess of (R) -2  as found experimentally. 


Experimental Section 


Cliemicals: 4-Metliylcoumarin (1) was prepared according to the literature 
procedure.""] Yohimbine hydrochloride, Bu,NBr, and Et,NBr were ob- 
tained fi-om Aldrich. and LiCl was purchased froin Merck. For the electro- 
analytical measurements, HPLCgrade methanol and D M F  from Lah-Scan 
and Millipore-filtered watcr were used 


Analytical Instrumentation: IR spectra: Bruker ISF28 spectrometer. 
'H NMR (300 MH7) and "C N M R  (75.4 MHz) spectra were recordcd on B 
Bruker WM 300 with TMS ('H) or CDCI, (I3C) as internal standard. EI-GC! 
MS was carried out oii a Vanan GC1400 combined with a MAT-CH7A 
SS200 sprctrometer. Analytical GLC was performcd with an autosampler 
HP 5890 Series I1 chromatograph together with a HP 3396A integrator and 
a quartz capillary column (0.32 mm x 25 m, 0.52 pm, P P l ) .  Optical yields 
were detcrmined on a quartz capillary column (0.25mm x 50m. 0.52 pm, FS 
hydrodex /I-PM) ii Shimadzu GC-9A with integrator C-R 3A.  HPLC was 
performed on ii Knauer pump and UV detector (1. = 254 nm) with a reverse- 
pliase Nuclsosil 1OOC 1 X  column (diameter 8 mm) and MeOH;H,O ( l i l .3)  a s  
eluent. 


Electroandlytical Measurements: 
Elt~cirotlt~.s, Cell,! c r n d  In.rtr~inientcr/ion. Preliminary voltammetric measure- 
nirnls wcrc carried out at room teinpcrature on a Metrohm 663VA Stand 


with an Autolab-ECOCheniie PG STAT20 porrntiostat controlled by the 
GPES4.3 program (General Purpose Electrochemical System). The reference 
electrodc was AgIAgC1 in EtOH:LiCl (sat). A hanging mercury drop served 
as working electrode and glassy carbon as counter electrode. For the kinetic 
measurements, the electrodcs. cell and the clcctrochemical instrumentation. 
as well a s  the measurement and data handling procedures for derivative cyclic 
voltammetry and linear sweep voltammetry, were identical to those previous- 
ly described.'"' 


Derernfinutiori o/ E": The E" value for 1 was determined as the midpoint 
between the potential of the reduction peak and the potential of the corre- 
sponding oxidation peak. Anthracene was used as an external reference in 
DMF, and ferrocene in MeOH and MeOH/H,O. The E' value for the refer- 
ence compound wiis determined against the same reference electrode as that 
used for the measurements on 1, and E" = ~ 1.92 V vs. SCE for an- 
thracenei"' and Eo = 0.470 V vs. SCE for ferrocene were used to convert the 
measured values to the SCE scale. The values given for 1 are averages of at 
least three sets of measurements, and the precision of the values IS approxi- 
mately i 3 inV in D M F  and 


I)e/errwinution uf Rut? Cmt t tn i s  f o r  DimrrixiI ion:  The data obtained in 
MeOH and MeOH/H,O by DCV were fitted to a working curve (see Fig- 
ures 5 and 8) for the rate law determined hy a ratc-determining radical anion- 
radical anion coupling, d[l'-]/dt = - 2k[1'-I2, obtained by digital simula- 
tion with the fully implicit method of Rudo1ph"""'by using locally developed 


Thc rate constant for dimerization in D M F  was determined by 
converting the value of 1so,5 obtained at CO(1) = 0 . 5 m ~  bq means of the 
corresponding theoretical values obtained by digital siinulation. The LSV 
data were analyLed by Equation (i). as explained in the text. 


Preparative Electrolyses : 
In.s/ritmr~itn~ion: Current source: Bank potcntioslat Model HP88. For con- 
tinuous addition of 1 to the cell, a Braun motor perfusor was used. Temper- 
ature in the cell was controlled with a Colora cryothermostat MC 15. The pH 
was measured with a Electronic Digital Greisinger p H  meter GPHR 1400A 
and an Ingold electrode U-402. 


G'enrwii Procrdurr . I was added continuously during electrolysis to the ca- 
thodic compartment (charged with MeOH,'H,O/LiCI or Bu,NBr and yohim- 
bine hydrochloride) of a divided cell to minimize the drmeriration process. 
Flou~ rel l :  10 mL of a 0.13 M solution of 1 in MeOH/H,O ( 1 , l )  was added over 
6 h to 650 mL of electrolyte. Heakw cell: 6 inL of a 0 . 1 6 ~  solution of 1 in 
MeOH;H,O (111) was added over 3 h to 200mL of clcctrolyte. The elec- 
trolytes used were: MeOHiH,O (111, 112. li4);LiCI ( 0 . 5 ~ 1 ,  1 . 5 ~ )  or Bu,NBr 
( 0 . 5 ~ ) .  As cathode a mercury pool (38 cm'). a glassy carbon electrode 
(28 cm') or a graphite electrode (23 cm') was used. The anode was platinum 
gauze (17 cm'). The two compartmcnts were separated by a glass frit (D,) as 
diaphragm. A saturated calomel electrode (SCE) was used as reference elec- 
trode. Alter the anode and cathode compartments were charged with elec- 
troly~e the rcduction of 1 was performed with stirring and the pH kept 
constant by dropwise addition of aqueous HCI. The pH. working potential, 
yohiinbine concentration, working electuode, solvent composition. and the 
nature and concentration of electrolyte were varied (see Tables 1-61 


Itolution untl Itlcntificu/ion u/ Puoducfs: For work-up the methanol of the 
catholyte was partially removed on a rotary evaporator and 300 (flow cell) 01- 
150 mL of distilled water (beaker cell) was added to the residue. After extrac- 
tion with diethyl ether (4 x 350 mL), the combined extracts were dried (Mg- 
SO,). the ether evaporated, and precipitatcd 3 filtered off. Toluene (20  mL) 
aiid a catalytic amount ofp-toluenesulfonic acid monohydrate were added to 
the crude product to relactonize 5 and 6 into 2 by heating to reflux for 1 h at 
110'C. After toluene had been distilled off, the residue was purified by flash 
chromatography (diethyl ether) and the yields of 1 and 2 were determined hy 
calibrated GLC. The optical yield of 2 was determined by GLC on a p-hy- 
drodex column (Macherey and Nagel) at 110'C. 
The clectrolyses 1. 3,  6, and 12 were performed severdl times to test the 
reproducibility ofthe experiments, The deviations for the yield of 1-3 and the 
t'r of 2 were of the order of + 6 %  (absolute). These fluctuations are possibly 
due to slightly varying concentrations of 1 in experiments in which it was 
continuously added. The ratc of addition of 1 could be kept constant in each 
experiment, but an equally continuous reduction was difficult to maintain due 
to the competing proton discharge. However. these deviations do not impair 
the general conclusions drawn from the tables. 


5 mV in MeOH and MeOH1H20 .  
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4-Methyl-3,4-dihydrocoumarin (2) : ref. [I4 a] 


meso-4,4'-Dimethyl-4,4'-bi-3,4-dihydrocoumarin (meso-3) was isolated by 
flash chromatography with toluenejEtOAc (99/1) as eluent, meso-3 was more 
slowly eluted than ruc-3. M.p. 233-235 'C; ' H N M R :  see ref. [14a]; I3C 
NMR ([DJnitrobenzene): 8 = 24.16 (4, CH,, CH,'), 38.41 (t, C3,  C3'). 
44.01 (s, C4. C 4 ) ,  117.12 (d, C8, C8') ,  126.19 (s, C4a, C4a'), 126.46, 129.96, 
130.06(3d,C5, C5' ,C6,  C 6 , C 7 , C 7 ' ) ,  151,96(s,CSa,C8a'), 167.60(s, C2,  
C2'); MS (GC/MS): m/z (%) 161 (100) [ M -  C,,H,O,]+, 131 (9) 
[ M  - Cl,H902 - CO]', 115 (20) [C,H,]', 105 (8) .  91 (8) [C,H7]+. 


rae-4,4'-Dimethyl-4,4'-bi-3,4-dihydrocoumarin (ruc-3) was obtained by flash 
chromatography with toluene/EtOAc (99: 1) as eluent. M.p. 302-303 "C; 
'H  NMR."4"' 13C NMR ([D,]nitrobenzene): 6 = 23.92 (4. CH,, CH,'). 
39.05 (t. C3, C3') ,  44.02 (s, C4, C 4 ) ,  117.68 (d. C8, CS'), 125.95 (s, C4a, 
C4a'), 124.70, 128.62, 130.05 (3d, C 5 ,  C5', C6, C6', C7,  C7'), 152.39 (s, 
CXa, C8a'). 167.74 (s, C2, C2 ' ) ;  MS (GCjMS): mqz (%) 161 (100) 
[M - C,,H,O,]+, 131 (9) [ M  - C,,H,O, - CO]', 115 (20) [C,H,]+, 105 
(8), 91 (8) [C,H,I+. 


X-ray crystal structure analysis of ruc-3: The data set was collected with an 
Enraf Nonius CAD4 diffractometer. Programs used: data reduction MolEN, 
structure solution SHELXS-86, structure refinement SHELXL-93, graphics 
SCHAKAL-92. C,,H,,O,, M ,  = 322.34, crystal dimensions 0.20 x 
0.20x0.10mm,a=14.221(1), h = 8.586(1),c =14.088(1)fk./l= l17.66(1)'. 
V = 1523.6(2) A3, p,,I, = 1.405 g cm-,, p = 7.94 cm- empirical absorption 
correction by $-scan data (0.9461C<0.999), Z = 4, monoclinic. space 
group C2/c (No. I5),  i. = 1.54178 A, T = 223 K, oi2H scans, 1628 reflections 
collected ( -  h,  + k ,  +l) ,  [(sinO)/i] = 0.62 ki,  1565 independent and 
1186 observed reflections [[< 2u(1)] ,  110 refined paramcters, R = 0.046, 
rr,R' = 0.123, max. residual electron density 0.22 ( -  0.38) e k'. hydrogen 
atoms calculated and refined as riding atoms 


Crystallographic data (excluding structure factors) for the structure reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
Centre as supplementat-y publication no. CCDC-100403. Copies of thc data 
can bc obtained free of charge on application to The Director, CCDC. 
12 Union Road. Cambridge CBZIEZ, U K  (Fax: Lnt. code + (12231336-033: 
e-mail: deposit(a'chemcrys.cam.ac.uk). 


3-(2'-Hydroxyphenyl)butanoic acid (5 )  was isolated by preparative reverse- 
phase HPLC with MeOH/H,O (1/1.3) as elucnt. M.p. 113-114'C: FT-IR 
(KBr): 1. = 3453 cni-' (m, OH),  1688 (s. C=O),  1222 (s. Ar-OH),  897 (m. 
OC-OH); 'H  NMR ([D,]acetotie): 8 ( J  in H7) = 1.41 (d, 3 H ,  J = 6.9. Me), 
2.66(dd,lH,J=8.7,J'=15.5,H2),2.7(dd,J=6,J'=15.5,H1),3.65-3.X 
(in. 1 H, H3),  6.8-7 (m, 2H-Ar), 7.1-7.17 (ni, 3 H-Ar), 7.29 (dd, J =7.6, 
J ' = 1 . 7 ,  1H-Ar), 8.17 (s, 1H. OH), 10.3 (s, I H ,  COOH); I3C NMR 
([D,]acetone): 6 = 20.8 (Me), 29.7 (C3), 41.6 (CH,), 116.6 (C-ArH), 120.98 
(C-ArH). 128.18 (C-ArH), 128.27 (C-ArH), 133.46 (C-Ar). 155.72 (C-Ar), 
174.52 (C=O); M S  (GLCIMS, as TMS ester): in/z (YO) 324 (54) [MI' ,  309 
(52) [ M  - CH3]+, 206 (70) [M - HCOOSiMe,]+, 193 (100) 
[ M  - CH,COOSiMe,]+; Analysis: C,,HI,O3 (180.2): calcd C 66.66 H 6.66; 
found C 66.83 H 6.52. 


Methyl 3-(2'-hydroxypheny1)butanoate (6)  was isolated by flash chromatogra- 
phy with tolucne/EtOAc (99: 1) as eluent. 'H NMR([D,]acetone): d ( J  in 
Hz) =1.34(d, 3 H , J =  6.9,Me).2.67(s, 1 H,Hl ) .2 .69 (d ,  I H , J = 1 . 7 , H 2 ) ,  
3.55- 3.65(m. 1 H, H 3 ) ,  3.65 (s, 3H,  COOMe),  6.56 (s, I H ,  OH) ,  6.87 (dd, 
1 H. J=7.7,  J' =1.4, 1 H-Ar), 6.92 (dt, 1 H,  J =7.4, J' =1.4, 1 H-Ar), 7.1 (dt, 
1H,J=7.4,.1'=1.7,1H-Ar),7.17(dd,1H,J=7.7,J'=1.7,1H-Ar);i3C 
NMR (CDCI,): 8 = 21.03 (Me), 25.14 (C3), 42.6 (CH,), 52.3 (COOMe),  
117.4 (C-ArH), 121.4 (C-ArH), 127.1 (C-ArH), 128.7 (C-ArH), 132.5 (C- 
Ar),  153.8 (C-Ar), 175.2 (C=O): MS (GLCIMS, as TMS ester): nijz 


[ M  - HCOOCH,]'. 193 (100) [ M  - CHZCOOCH,]+. A correct elemental 
analysis could not be obtained as on purification 6 was partially convcrted 
into 2. 


( Y o )  = 266 (98) [MI',  251 (81) [A4 - CH,] ', 235 (24) [ M  - OCH,]', 206 (43) 


Quantum Chemical Calculations: See t-ef. [40] 
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Mechanisms and Stereochemistry of Acid-Induced Ring Opening 
of Optically Active 1,2-Propene Oxides in the Gas Phase** 


Anna Troiani, Antonello Filippi, and Maurizio Speranza” 


Abstract: The acid-induced ring opening 
of (S)-( -)-I ,2-propene oxide (1 S) and 
(R)-( +)-1,2-propene oxide (1 R) has been 
investigated in gaseous CH, and CH,F at 
720 torr and in the presence of a nucleo- 
phile, NuOH (Nu = H or CH,). The 
mechanism of the ring-opening reaction 
has been assessed by modulating the com- 
position of the gaseous mixture. Two reac- 
tion pathways are operative in the gas 
phase, both proceeding through complete 
inversion of configuration of the reaction 
center. A first process is detectable only in 
the CH,F/H,O systems and takes place 
within a persistent proton-bound complex 
generated by interaction of the epoxide 
with the CH,OH: ion, formed by methyl- 
ation of H,O with (CH,),F+. Such an 
intracomplex ring-opening pathway pro- 
ceeds through proton transfer from the 


CH,OHl ion to the epoxide followed by 
motion of the neutral CH,OH moiety 
around the I-H-oxonia-2-methyl-cyclo- 
propane structure (H-1R or H-1s) 
( k <  108s-1) before attacking the ring 
carbons from the rear. In all the other sys- 
tems with added CH,OH, this intracom- 
plex pathway is preceded by a faster “ex- 
tracomplex ” pathway involving the attack 
of an external CH,OH molecule on the 
proton-bound adduct. The regioselectivi- 
ty of the intracomplex process is similar to 
that of the extracomplex pathway. Both 


Keywords 
chirality - gas-phase chemistry * ion- 
molecule reactions - regioselectivity * 


ring-opening reactions 


Introduction 


The mechanism and the stereochemistry of acid-catalyzed ring 
opening of 1,2-epoxides in solution depend to a large extent on 
several intrinsic factors, such as the structure of the epoxide, the 
nature of substituent groups, and their location relative to the 
epoxy ring, as well as on environmental factors, including the 
polarity and the nucleophilicity of the solvent, the nature of the 
acid catalyst, the temperature, and so on.[21 Thus, for instance, 
acid-catalyzed alcoholysis of epoxides was found to proceed by 
all the possible mechanisms, from the A 1 to the A 2 extremes 
(Scheme with a stereochemistry ranging from complete 
retention to complete inversion of ~onfiguration.~~] Acid-cata- 
lyzed ring opening of the simplest unsymmetrically substituted 
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delle Sostanze Biologicamente Attive 
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P.le A. Moro 5, 00185 Rome (Italy) 
Fax: Int. code +(6)4991-3602 
e-mail: speranza~axrma.uniroma 1 .it 


I**] Chiral Ions in the Gas Phase, Part 3. Parts 1 and 2 :  ref. [l] 


are characterized by a slight preference for 
the C ,  center of H-1 R (or H-1 S) (extra- 
complex path regioselectivity : ct/P = 


0.72 f 0.05; intracomplex path regioselec- 
tivity: u/P = 0.71 k0.05). The regioselec- 
tivity of H-1 R (or H-1 S) is substantially 
different from that of the 1-Me-oxonia- 
2-methyl-cyclopropanes (Me-1 R or Me- 
1 S )  toward the same nucleophile NuOH 
( c t / j  = 4.13k0.35 (NU = H); 2.28k0.16 
(Nu = CH,)). This difference is attribut- 
ed to a transition structure wherein the 
C,-0 bond rupture increases from H-1 R 
(or H-IS) to Me-lR (or Me-IS) and in 
passing from CH,OH to H,O. The regio- 
and stereoselectivity of the gas-phase 
acid-induced ring opening of 1 S and 1 R 
are compared with those of related reac- 
tions carried out in solution. 


epoxide, that is, 1 ,2-propene oxide, proceeds through various 
mechanisms depending on the specific reaction site, that is, an 
A2 reaction at the unsubstituted and a borderline A 1 -A2 reac- 
tion at the methyl-substituted carbon.13* The relative impor- 
tance of these processes is determined by the ionic or neutral 
character of the epoxy substrate as well as by the nucleophilicity 
of the reaction medium. Accordingly, the regioselectivity of ring 
opening of 1,2-propene oxide in water responds to the pH and 
the ionic strength of the reaction medium. Thus, predominant 
substitution at the unsubstituted carbon was observed at pH 7 
in the presence of salts, whereas prevailing substitution at the 
methyl-substituted carbon was observed at pH 1 .[’I No infor- 
mation about possible concomitant variations in the stereo- 
chemistry of the process was provided in these studies. 


In view of these considerations, discrimination between the 
intrinsic and the environmental factors governing the mecha- 
nism and the stereochemistry of acid-induced ring opening in 
1,2-propene oxide would be possible only by eliminating the 
reaction medium, namely by carrying out the reaction in the 
isolated state, where the nature of the active intermediates can 
be better defined and their evolution to products is unaffected 
by solvation and ion-pairing phenomena. However, to stand 
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-The bimolecular addition (A2) mechanism: 


r H 7 
I: 


- The unimolecular addition ( A l )  mechanism: 


1 
Scheme 1. Acid-catalyzed alcoholysis of by A 1 and A 2  mechanisms 


comparison with the corresponding processes in solution, the 
reaction carried out under these ideal conditions must still obey 
thermal kinetics, which means that the reaction intermediates 
must be in constant thermal equilibrium with the missing reac- 
tion medium. A reasonable compromise to settle this evident 
contradiction, at least in part, is to carry out the reaction in an 
inert bulk gas, at a pressure ensuring efficient thermal equilibra- 
tion of the reaction intermediates by multiple unreactive colli- 
sions with the gaseous medium, wherein the concentration of 
the active species is kept low enough to avoid formation of 
organized clusters around the ionic intermediates prior to their 
evolution to products. 


The present study is aimed at investigating the mechanism 
and the stereochemistry of acid-induced ring opening in 1,2- 
propene oxide under typical gas-phase nucleophilic conditions. 
For these purposes, stationary concentrations of gaseous 
Brmsted, that is, C,H: (n = I ,  21, and Lewis acids, that is, 
(CH,),F+, have been generated from y-radiolysis of their neu- 
tral precursors, that is, CH, and CH,F (720 torr), respectively, 
in the presence of traces of the chiral epoxide, either (S)-( -)- 
1,2-propene oxide (IS) or (R)-( +)-1,2-propene oxide (1 R) ( ~ a .  
4 torr) and of a nucleophile, NuOH (Nu = H or CH,) (ca. 
3 torr). Under such conditions, the gaseous acids efficiently at- 
tack all the bases present in the gaseous mixture, including the 
epoxy substrate, to yield the corresponding conjugate species. 
These ionic species may aggregate with several molecules of the 
bulk gas at the pressure and temperature employed. However, 
when these clusters interact with the first NuOH molecule, ex- 


tensive declustering of the ionic inter- 
mediate may take place as a means of 
dissipating most of the energy devel- 
oped in the clustered ion-NuOH in- 
teraction. Full thermalization of the 
ensuing encounter complex is complet- 
ed by fast multiple collisions with the 
bulk gas (10" s - ' )  prior to its conver- 
sion to reaction products. The regio- 
and stereochemistry of the ring-open- 
ing reaction occurring in these ther- 
malized encounter complexes may be 
inferred from the yield and the com- 
position of the neutral substituted 
products. 


+% 
-H+ 


Products 


It is hoped that this study, which represents the first stereo- 
chemical investigation on chiral epoxides in the gaseous phase, 
may provide some insight into the properties of these ion-neu- 
tral encounters and on the mechanism and the stereochemistry 
of their evolution to the epoxy ring opening products. Further- 
more, a comparison of the gas-phase results with the relevant 
solvolytic data may contribute to evaluate the role of environ- 
mental factors in affecting acid-induced hydrolysis and alcohol- 
ysis of epoxides in solution. An understanding of the intrinsic 
structural and electronic factors governing this model reaction, 
besides being of general interest in basic chemical research, may 
shed some light on the biogenesis of carcinogenic and mutagenic 
agents from the 1,2-epoxy metabolites of polycyclic aromatic 
hydrocarbons.[61 


Results 


Table 1 lists the major products obtained from y-irradiation at 
room temperature of gaseous mixtures containing 1 S (or 1 R) as 
substrate, CH, (or CH,F) as the bulk gas (720 torr), 0, (4 torr), 
as a thermal radical scavenger, and a nucleophile NuOH 
(Nu = H or CH,; ca. 3 torr). The figures in Table 1 represent 
the mean distribution of the products (S)-  (2s) and (R)-2- 
methoxy-1-propanol (2R), (S)-  (3s) and (R)-1-methoxy-2- 
propanol (3R), and (S) -  (4s) and (R)-l,2-dimethoxypropane 
(4R), as obtained from several GC-FID analyses of the reac- 
tion mixtures, the reproducibility of which is expressed by the 


Table I .  Product yields from the gas-phase attack of C.H: (n = 1, 2) and (CH,),Ff ions on 1s and 1 R in the presence of several nucleophiles. 


System composition, torr [a] Relative product yields, % [b] Total absolute yield 
Bulk gas Substrate NuOH 2 s  2R 3s 3 R  4s 4R G ( W  [cl 


CH, lS, 4 1 
CH, 1R 4 1  
CH,b IS, 4 0 
CH,F 1 R . 4 0  
CH,F lS, 4 0 
CH,F IR, 4 7  
CH,F lS, 4 6 
CH \I- IR, 4 7 


MeOH, 3 1 
MeOH, 2 8 
H,O, 3.2 
H,O, 3.0 
MeOH, 3 4 
MeOH. 3 I 
MeOH, 3 0 
MeOH, 2 8 


- 


44 
9(7) 
23(24) 
- (-) 
34(35) 
1 (-) 
32(34) 


48 52 


26(26) 35(33) 
- - 


9@) 32(32) 
35(36) 46(47) 
1 (-) 2(-) 
33(34) 48(50) 
I(-) 5(-) 


- 


56 
30(34) 
36(36) 
2(-) 
SO(52) 
3(-) 
43(45) 


0 64 
0.71 
0.07 
0.05 


5 ( 5 )  12(12) 0.80 
W) 4(4) 1.06 
5(5)  lO(11) 1.26 
13(14) 6(7) 0.97 


[a] Bulk gas: 720 torr; O,:4 tom. Radiation dose 2 x lo4 Gy (dose rate: 1 x lo4 Gyh-') .  The 0 and Me notations in the nucleophile refer to the "0  and CD, markers, 
respectively. [b] Derived from GC analyses with FID detection and expressed as the percent ratio between the yield of any given product and the overall yield of the 
corresponding glycol derivatives. The figures in parentheses refer to relative yields of the labeled products measured by GC-MS (see text). [c] Absolute yields, expressed as 
the G(M) values of products, that is. the number of molecules M produced per 100 eV of energy absorbed by the gaseous mixture. Each value is the average of several 
determinations, with an uncertainty level of ca. 5 % .  
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uncertainty level quoted. The absolute yields, expressed as the 
number of molecules M produced per 100eV of energy ab- 
sorbed by the gaseous mixture (G(M) values), were measured at 
a total dose of 2 x lo4 Gy (dose rate: 3 x lo3 Gyh-') and found 
to depend critically upon the composition of the reaction mix- 
ture. Indeed, significant G(M) values (ca. 0.6-1.3) were mea- 
sured in the systems with NuOH = methanol, while the same 
values dropped by a factor from ca. 9 to over 25 in the corre- 
sponding mixtures with NuOH = water. Addition to the gaseous 
mixtures of 3 torr of a strong base, such as N(CH,), (proton 
affinity (PA) = 225.1 kcalm01-'),[~~ causes a pronounced de- 
crease (> SOYO) in the overall G(M) value of products. 


The GC-FID product patterns from the irradiated CH,/ 
methanol mixtures are characterized by the formation of equal 
amounts of the 2-methoxy-1-propanol (2) with a configuration 
inverted with respect to that of the starting epoxide (44-48 YO) 
and of the I-methoxy-2-propanol (3) with a configuration re- 
tained with respect to that of the starting epoxide (52-56%) 
(Table 1). The GC-FID product patterns from the CH,F/ 
methanol systems are characterized by the predominant forma- 
tion of isomeric methoxypropanols 2 and 3 (81 - 87 O h ) ,  accom- 
panied by minor amounts of the expected dimethoxypropane 4 
(13-19%). The inverted 2-methoxy-1-propanol (2) [inverted-2]/ 
{[inverted-21 + [retained-2]} > 0.97) and the retained l-methoxy- 
2-propanol (3) ([retuined-3]/{ [inverted-3] + [retained-3]] > 0.90) 
are predominantly formed. A mixture of both inverted and re- 
tained dimethoxypropane 4 is also formed, with the inverted 
enantiomer slightly prevailing (67-71 %). The product patterns 
from the CH,F/H,"O mixtures are characterized by the pre- 
dominant formation of the quasi-racemic mixture of 3, together 
with minor amounts of isomeric methoxypropanol 2 (32- 
35 O/O), with the inverted enantiomer prevailing over the retained 
one ([inverted-2]/{[inverted-2] + [retained-2]} > 0.70). 


The presence and the specific position of the isotopic label in 
the products 2-4 from NuOH containing various isotopic 
markers, that is, either I8O or CD, (denoted as 0 and Me, 
respectively, in Table l ) ,  are readily determined by their GC- 
MS spectra, characterized by the predominant C 1 - C 2 bond 
cleavage in the corresponding molecular ions. Accordingly, 2 
displays two prominent peaks at mjz = 59 ([CH,C(H)OCH,]+) 
and m/z = 31 ([CH,OH]+) with an intensity ratio of ca. 9:4. 
Compound 3 exhibits a major peak at mjz = 45, due to the 
isobaric [CH,C(H)OH]+ and [CH,OCH,]+ fragments, and a 
minor signal at mjz = 47 amounting to ca. 25 % of the peak at 
m/z = 45 and attributed to [CH,O(H)CH,]+. This assign- 
ment is supported by the mass spectrum of labeled 3, 
CH,CH(OH)CH,'80CH,, which gives the fragments mjz = 45 
([CH,C(H)OH]+) and 47 ([CH,'80CH,]+) in a ratio of ca. 9:4, 
accompanied by a minor peak at m/z = 49 ([CH,' 80(H)CH,]+) 
of ca. 25% of the combined intensity of the m/z = 45 and m/ 
z = 47 signals. 1,2-Dimethoxypropane (4) shows two intense 
peaks at m/z = 59 ([CH,C(H)OCH,]') and 45 ([CH,OCH,]+) 
in a proportion of approximately 13 : 3. 


With due alteration of details in comparing cases, the same 
fragmentation patterns are anticipated for the labeled products 
2-4 (Table 2). Thus, detection of the appropriate m/z = 49 sig- 
nal ([CH,'80(H)CH,]') in the mass spectrum of "0-labeled 
retained 3, together with the major m/z = 45 ([CH,C(H)OH]+ 
and [CH,OCH,]+) and m/z = 47 ([CH,"OCH,]+) peaks, is 


indicative of the exclusive presence of the isotopic marker 
at the methoxy group of the product. The complete absence 
of the same signal in the mass spectrum of '80-labeled 
inverted 3, coupled with a higher intensity of the 
m/z = 47 ([CH,C(H)"OH]+), relative to that of m/z  = 45 
([CH,C(H)OH]+ and [CH,OCH,]+), suggests predominant 
"0-incorporation in the hydroxy group of the compound. A 
similar pattern is observed in the mass spectrum of retained 
CH,CH(OH)CH,OCD,, where peaks at mjz = 50 ([CH,O(H)- 
CD,]') and m/z = 48 ([CH,OCD,]+) are observed instead of 
the corresponding mjz = 49 and m/z = 47 signals. In the mass 
spectrum of retained 2, detection of a signal with mjz = 33 
([CH,'sOH]') denotes incorporation of the "0 label in its 
hydroxy group, whereas the presence of a peak at mjz = 61 
([CH,C(H)''OCH,]+) among those of inverted 2 and 4 indi- 
cates '80-labeling at the C2 methoxy group. Of course, the 
mjz = 61 signal is replaced in retained CH,CH(OCD,)CH,OH 
by that at mjz = 62 ([CH,C(H)OCD,]+). Finally, the presence 
of the "0 label at the C 1-methoxy group of retained 4 is 
signaled by the observation of an mjz = 47 peak 
([CH,'80CH,]+), which is replaced by the corresponding m/ 
z = 48 ([CH,OCD,]+) signal in the mass spectrum of the 
CH,CH(OCH,)CH,OCD, analogue. All these major frag- 
ments are indeed detected in the mass spectra of the relevant 
products and their abundance relative to the m/z = 45 fragment 
of the retained I-methoxy-2-propanol product reported in 
Table 2. No significant isotope effect on the C 1 -C 2 bond frag- 
mentation in 2-4 is observed, as shown by the similar propor- 


Table 2. Major ionic fragments in the mass spectra of products from the gas-phase 
attack of (CH,),F+ ions on I S  and 1 R  in the presence of several labeled nucleo- 
philes. 


System [a] Radiolytic products ( m / z )  [b] 
2 s  2R 3s 3R 4 s  4R 


CH,F/IS/H,O 0.17(59) 0.15(61) 
0.04(33) 0.43(59) 
0.15(31) 0.42(31) 


CH,F/I R/H,O 0.12(61) 0.19(59) 
0.40(59) 0.03(33) 
0.33(31) 0.12(31) 


CH,F/IS/MeOH O.Ol(59) 0.81(61) 
O.Ol(31) 0.09(59) 


0.42(31) 


CH,F/I R/MeOH 0.72(61) O.Ol(59) 
0.07(59) 0.02(31) 
0.38(31) 


CH,F/l S/MeOH 0.02(59) 0.93(62) 
O.Ol(3I) 0.07(59) 


0.22(31) 


CH,F/l R/MeOH 0.99(62) 0.02(59) 
0.08(59) 0.03(31) 
0.25(31) 


0.07(49) 0.42(47) 
0.28(47) 0.74(45) 
l.OO(45) 


0.38(47) 0.06(49) 
0.79(45) 0.28(47) 


l.OO(45) 


0.30(49) 0.02(47) 
0.42(47) O.OS(45) 
l.OO(45) 


O.Ol(47) 0.31(49) 
0.07(45) 0.41(47) 


l.OO(45) 


0.36(50) 0.03(47) 
0.43(48) 0.1 l(45) 
O.Ol(47) 
l.OO(45) 


0.04(47) 0.3 5( 50) 
0.16(45) 0.43(48) 


O.Ol(47) 
l.OO(45) 


0.15(59) 0.31(61) 
0.03(47) 0.04(59) 
O.Ol(45) O.OR(45) 


0.21(61) O.lO(59) 
0.02(59) 0.02(47) 
0.06(45) O.Ol(45) 


0.13(59) 0.30(62) 
0.02(48) 0.02(59) 
0.02(45) 0.05(45) 


0.44(62) 0.21(59) 
0.03(59) 0.04(48) 
0.08(45) O.Ol(45) 


[a] Bulk CH,F gas: 720 torr. The bold 0 and Me notations in the nucleophile refer 
to the "0  and CD, markers, respectively. [b] Expressed as the intensity of the peak 
of any given fragment ( W I / Z  value given in parentheses) relative to that of the peak 
at m/z  = 45 for rrtuined3 (see text). Each value is the average of several determina- 
tions, with an uncertainty level of ca. 5% and a detection limit below 0.5% for 
m/z  = 45. Electron impact on unlabeled 1-methoxy-2-propdnols 3 produces both 
the [m/z = 451 and the [m/z = 471 fragments in a 4: 1 ratio. 
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tions of the ionic fragments from the systems with MeOH and 
MeOH. 


The mean relative distributions of the labeled products from 
systems containing labeled NuOH, as calculated according to 
the procedure illustrated in the Appendix, are reported in paren- 
theses in Table 1. Their analysis is particularly telling as regards 
the nature and the stereochemistry of the reactions involved in 
their formation. Thus, in all CH,F/labeled methanol systems, 
the isotopic signature is found exclusively in the methoxy groups 
of the inverted 2 and of the retuined 3, and in those bound to the 
C 2  position of inverted 4 and to the C 1 atom of retained 4 
(Table 2). When generated from irradiation of mixtures con- 
taining the doubly labeled CD,' 8 0 H  nucleophile, the same 
products display mass spectra characterized by peaks at m/ 
z = 64 ([CH,C(H)"OCD,]') and 50 ([CH,'80CD,]+). No sig- 
nal was observed with m/z = 61 ([CH,C(H)180CH,]+) or m/ 
z = 47 ([CH,180CH,]+). This result unequivocally excludes the 
splitting of the CD, and l8O markers in any step of the product 
formation sequences. The recovery of minor amounts of unlu- 
beled products from the systems with labeled CH,OH (Table 1) 
suggests that other unlabeled nucleophiles may take part in the 
epoxy ring opening. Water is probably the most important, since 
it is invariably present as ubiquitous impurity either introduced 
into the mixture together with its bulk components or formed 
from its radiolysis. Another unlabeled nucleophile in these mix- 
tures is CH,l60H itself, present as an impurity of the starting 
labeled methanol. Its occurrence is testified by the presence of a 
minor m/z = 59 signal in the inverted 2 and 4 from CH,F sys- 
tems with labeled methanol as the nucleophile (Table 2). 


Mass spectrometric analysis of the products from the CH,F/ 
H2 '*0  systems reveals the presence of the isotopic signature 
exclusively at the hydroxy group ofretained2 (i.e., the m/z = 33 
fragment) and at the methoxy group of inverted 2 (k., the m/ 
z = 61 fragment) (Table 2). Besides, detection of a small m/ 
z = 49 fragment from retained 3, which is completely absent in 
the inverted enantiomer, indicates that the isotopic signature 
resides at the methoxy group of retained 3. Observation of an 
mjz = 49 fragment from retained 3 and of an m/z = 61 signal 
from inverted 2 (Table 2) indicates that the formation process of 
these products necessarily requires a step where the isotopic 
marker of H,"O is efficiently incorporated into their methoxy 
groups. Even in this case, the presence of an m/z = 31 signal in 
the retained 2 from CH,F/H2'80 systems is indicative of the 
concomitant operation of unlabcled water as ubiquitous nucle- 
ophilic impurity (Table 2). 


Discussion 


Reaction Pattern and Stereochemistry : The conditions typical of 
the present experiments, in particular the low concentration of 
the starting substrates IS and 1R (<0.65 mol%) diluted in a 
large excess of the bulk gas (CH, or CH,F), exclude their direct 
radiolysis as a significant route to the products of Table 1. The 
presence of an efficient thermal radical scavenger, O,, inhibits 
possible free-radical pathways to products in Favor of the com- 
peting ionic route, the large predominance of which is demon- 
strated by the marked effect of an ion trap as powerful as 
N(CH,), on the overall product yield. 


y-Radiolysis of the bulk gas, either CH, or CH,F, generates 
known yields of the C,H: (n = 1 ,  2) and (CH,),F+ acids, re- 
spectively. These ions are efficiently thermalized by many unre- 
active collisions with their parent molecules before attacking the 
nucleophiles present in the mixture, including H,O. As a conse- 
quence, in the CH,/1 S (or 1 R)/CH,OH mixtures, the initially 
formed C,H: (n = 1, 2) Brernsted acids can attack either the 
epoxide, yielding the corresponding 1 -H-oxonia-2-methyl-cyclo- 
propane derivative (henceforth denoted as H-1 S (or H-1 R)), 
and the added CH,OH (or the ubiquitous H,O impurity) yield- 
ing eventually the CH,OH: Brernsted acid. Similarly, in the 
CH,F/l S (or 1 R)/NuOH (Nu = H or CH,) systems, the initial- 
ly formed (CH,),F+ Lewis acid can attack either the epoxide, 
yielding the corresponding 1 -Me-oxonia-2-methylcyclopropane 
derivative (henceforth named Me-1 S (or Me-1 R)),[*] or the 
added NuOH, giving rise to the corresponding NuO(H)CH: 
(Nu = H or CH,) Brsnsted acids. Therefore, the nature and the 
relative distribution of the acidic species generated in the irradi- 
ated samples are determined by the nature of the bulk gas and 
by the presence and the relative concentration of the nucleo- 
philes present in the mixture. In the systems investigated, the 
NuO(H)CH: (Nu = H or CH,) acids may exothermically pro- 
tonate the epoxy substrate, yielding the corresponding oxonium 
ion H-1 S (or H- lR)  (- AW = 12.8 (Nu = H); 2.6 kcalmol- ' 
(Nu = CH,)).['l If we make the reasonable assumption that all 
these processes are highly efficient, it follows that both Me-1 S 
(or Me-lR) and H-1S (or H-1R) intermediates are formed in 
the CH,F systems, in proportions approximately reflecting 
those of their ionic precursors (CH,),F+ and NuO(H)CH: 
(Nu = H or CH,), respectively. 


Both I-H- (H-1 S or H-1 R) and I-Me-oxonia-2-methylcyclo- 
propanes (Me-1 S or Me-1 R),  excited by the exothermicity of 
their formation processes, may in principle undergo unimolecu- 
lar ring opening and isomerization to the more stable carbonylic 
structures, unless efficiently quenched by collisions with the 
bulk gas. However, the exclusive formation of the inverted 
product 2, coupled with the negligible recovery of the carbonylic 
isomer of the starting epoxide among the reaction products, 
demonstrates that excited H-1 S (or H-1 R) and Me-1 S (or Me- 
1 R) are rapidly thermalized by multiple collisions with the bulk 
gas well before any conceivable unimolecular rearrangement 
takes place. The same evidence indicates that ring opening of 
H-1 S (or H-1 R) and Me-1 S (or Me-1 R) necessarily involves 
nucleophilic attack by NuOH (Nu = H or CH,). A major diffi- 
culty in determining the thermochemistry of these gas-phase 
reactions arises from the lack of sufficient thermochemical data 
for the ionic species involved. However, in view of the enthalpy 
changes involved in the NuOH-induced ring opening of 1- 
Me-oxoniacyclopropane (AH" = ca. - 32 (Nu = CH,) and 
+ 4 kcal mol- (Nu = H))[7391 and of I-H-oxoniacyclopropane 
(AH" = - 21 (Nu = CH,) and -7 kcal mol-'(Nu = H)),"] the 
same reactions on Me-] S (or Me-1 R) and H-1 S (or H-1 R) can 
be considered as thermodynamically allowed, except perhaps 
the slightly endothermic ring opening of Me-1 S (or Me-1 R) 
by water."'] It follows that CH,OH displacement on H-IR 
(Scheme 2) (and on H-lR*; vide infra) is the pathway operative 
in the CH,/l R/CH,OH mixtures. A similar process is accompa- 
nied by another reaction (Scheme 3) in the CH,F/l R/H,O sys- 
tems. Both reactions are flanked by a further process (Scheme 4) 
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bound to the C 1  position, indicates that the labeled 
methanol attacks both the Me-substituted (C,) and the 
unsubstituted (C,) carbons of the Me-1 R (or Mc-IS) 
(Scheme 4) and the H-1 R (or H-IS) ions (Scheme 2)  
and backside to their C, centers. The samc regio- and 
stereoselectivity account for the exclusive formation of 
inverted 2 and retained 3 in the CH,/CH,OH mixtures 
through Scheme 2. 


In the CH,F/H,O systems, thc formation of a small 
yield of inverted3, with the H O  group bound t o  the C 3  
center, and of retained 2,  with the H O  group bound to 
the C 1 center, suggests the occurrence of the reaction in 
Scheme 3, involving rearside attack to the ring carbons 
of the Me-1 R (or Me-1 S) intermediates by H,O. The 
limited yield of these products ( G ( M )  = 0.02-0.03) re- 
flects the inefficiency of the probably slightly endother- 
mic process. Recovery of limited amounts of unlabeled 
inverted3 and retained 2 in the irradiated CH,F/labeled 
methanol mixtures is attributed to this slow process, 
involving the H,O impurity present in these systems 
(Table 1). 


In the CH,F/H,O mixtures, formation of inverted 2, 
with the CH,O group bound to the C2  center, and of 
retained 3, with the CH,O group bound to thc C 1 cen- 
ter, is a witness to the action of the Brmsted acid 
CH,OH:, formed from (CH,),F+-methylation of 
H,O, as an additional promoter of the 1 R (or 1 S) ring 
opening. In this framework, given the enormous excess 
of the epoxy substrate and of water in these systems 
relative to neutral CH,OH released by proton transfer 
from CH,OH: to the epoxide, the appreciable forma- 
tion of products containing the OCH, group provides 
compelling evidence for the operation of the intracom- 
plen displacement (Scheme 5 ) .  The formation of invert- 
ed2 ,  with the CH,O group bound to the C 2  center, and 
of retained 3,  with the CH,O group bound to the C 1 
center, without any appreciable contamination from 
the corresponding enantiomers with the same labeled 
group, suggests that the CH,OH moiety, formed after 
proton transfer from CH,OH: to the epoxide, rermins 


in the CH,F/l R/CH,OH samples. Similar pathways are fol- 
lowed in the corresponding systems with 1 S as the substrate. 


Accordingly, in the CH,F/labeled methanol samples, the ex- 
clusive formation of inverted2 and 4, with the isotopic signature 
(i.e., the methoxy group) bound to the C 2  center, and of retained 
3 and 4, with the isotopic signature (i.e., the methoxy group) 


coordinated to the H-1 R (or H-1 S )  moiety within the complex 
H-1  R* (or H-1 S * )  and moves around it to  attack the ring car- 
bons from the rearside. Therefore, the stereoselectivity of the 
intracomplex displacement (Scheme 5 )  is equal to that of the 
analogous bimolecular process (Scheme 2) (henceforth denoted 
as thc extracomplex pathway). 
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In principle, an intrucomp1e.r displacement like that in 
Scheme 5 might also operate in the CH,F/labeled methanol sys- 
tems, involving the NuO(H)CH: (Nu = H or CH,) Brmsted 
acids (Scheme 6a). However, two pieces of evidence suggest 
the predominance of the competing extrucomplex route b 
(Scheme 6) over the intraconzplex pathway a in these systems, 
namely: 1) the absolute yield of the labeled inverted 2 and re- 
fained 3 in the CH,F/labeled methanol systems, which is about 
one order ofmagnitude higher than that measured in the CH,F/ 
H,O mixtures; 2) the complete absence of an OCH, signature 
in the inverted 2 formed in the CH,F/MeOH systems. Point 1) 
suggests that the concentration of methanol molecules in the 
corresponding CH,F mixtures is sufficient to make the extru- 
complex path b supersede the inefficient intrucomplex path- 
way a (Scheme 6). Point 2) further reinforces this view when 
one considers that, in the frame of an efficient intracomplex 
path a, inverted 2 containing the '*OCH, signature would bc 
formed in the CH,F/CD,"OH systems, in contrast with the 
experimental evidence. In this view, the intracomplex displace- 
ment (a) must necessarily involve a sizable activation barrier 
which exceeds that associated with the nucleophilic displacc- 
ment step ( E  or /j in Scheme 6a) and can be attributed to the 
cleavage of the hydrogen bond in H-1 R"* (or H-1 S"") to move 
the NuOCH, inoleculc to the rearside of the oxonium moiety 
(the H-1 R** (or H-1 S**) + B step in Scheme 6a).  Along this 
line. assuming a unit efficiency for the extracomplex displace- 
ment b in the CH,F mixtures with ca. 3 torr of methanol, the 
timing of the intracomplex displacement (Scheme 6a) can be 
cstimated as largely exceeding s, namely after at least 
400 collisions of the H-1 R** (or H-1 S"") complex with the 
CH,F molecules at 720 torr.["] Thus, it is reasonable to 
consider these complexes as thermally equilibrated with the 
bulk gas beforc rearranging and hence that the intracomplex 
motion of NuOCH, (Nu = H or CH,) around the H-1 R 
(or H-1s) moiety obeys thermal kinetics. Using the typical 


M , OMe r 


r €1 


bond vibration frequency of l o i 3  s-  for the rearrangement pre- 
exponential factor, one can estimate the activation barrier of the 
intracomplex motion of NuOCH, (Nu = H or CH,) around 
H-1 R (or H-1 S) as exceeding ca. 7 kcalmol- ', which represents 
a sizable fraction of the proton-bonding energy between the two 
moieties." '1 


Reaction Regioselectivity: The regioselectivity of the gas-phase 
nucleophilic ring opening of Me-1 R (or Me-1 S) and H-1 R (or 
H-1 S) oxonium intermediates by labeled NuOCH, (Nu = H or 
CH,) (Schemes 3-6) can be easily inferred from the relevant 
labeled product distributions, reported in parentheses in 
Table 1. The regioselectivity factors for each individual pathway 
are listed in Table 3. 


Table 3. Regioselectivity of the gas-phase nucleophilic attack of NuOH ( N u  = H or 
Me) on H - l S ,  H - l R ,  Me-lS, and Me-1 R. 


Oxonium Nucleo- Mechanism Regioselectivity, YO r 'p  ratio 
intermediate phile 


Me-l S 
Me-1 R 


Me-1 S 
Me-1 R 
Me-1 S 
Me-1 R 


H-1S 
H-l K 


H-l S 
H-1 R 
H - 1  s 
H-1 R 


HZO 
H 2 0  


MeOH 
MeOH 
MeOH 
MeOH 


MeOH 
MeOH 


MeOH 
MeOH 
MeOH 
MeOH 


Scheme 3 
Scheme 3 


Scheme 4 
Scheme 4 
Scheme 4 
Scheme 4 


Scheme 5 
Scheme 5 


Scheme 6 b 
Scheme 6 b 
Scheme 6 b 
Scheme 6 b 


81.8 ( a )  18.2 (0) 
79.1 (a )  20.9 (8) 


70.9 (%) 29.1 (/i) 
69.9 (a)  30.1 (0) 
68.1 (1) 31.9 (B) 
68.9 (a) 31.1 (8) 


43.3 ( a )  56.7 (p) 
40.3 ( a )  59.7 (p )  


43.4 (1) 56.6 (0) 
40.5 (a) 59.5 (p) 
40.7 (a )  59.3 (b) 
42.9 (a) 57.1 (0) 


4.48 
3.78 
4.13k0.35 [a] 


2.44 
2.32 
2.14 
2.21 
2.28F0.16 [a] 


0.76 
0.67 
0.71 k0.05 [d] 


0.77 
0.68 
0.69 
0.75 
0.72 i 0.05 [a] 


~~ ~ 


[a] Average of the values above. 
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Analysis reveals an identical regioselectivity for both the ex- 
trucomplex attack of methanol on the C, and C, centers of 
H-1 R** (or H-1 S**) ( x / p  = 0.72 k 0.05; Scheme 6 b) and the 
intrrrcomplex attack on H-1 R* (or H-1 S*) by the same nucleo- 
phile (u/B = 0.71 f0.05; Scheme 5) ,  characterized by a slight 
preference for the C, center of the corresponding oxonium ion. 
This observation indicates that both the intracomplex and the 
extracomplex reactions involve the intermediacy of a MeOH/ 
oxonium ion adduct, that is, A (Scheme 5 )  and C (Scheme 6 b), 
respectively, formation of which is kinetically distinct from the 
epoxy-ring-opening step and evolution of which to open-chain 
products is governed by a similar free energy profile. In the 
intrucomplex reaction (Scheme 5 ) ,  cleavage of the proton bond 
of H-1 R* to form A is the rate-determining step, preceding the 
fast, product-controlling ring-opening step. However, product- 
controlling ring opening in C is rate-determining in the extra- 
complex reaction (Scheme 6 b). Besides, the similar regiochem- 
istry of ring opening in A and C denotes the relative insensi- 
tivity of the nucleophilic displacement to the clustering at the 
oxygen center of the oxonium moiety by NuOCH, (Nu = H 
or CH,). 


The Me-1 R (or Me-1 S) intermediate predominantly directs 
NuOH (Nu = H or CH,) towards its C, center ( c L / ~  = 


4.13*0.35(Nu = H;Seheme3);s/p = 2.28&0.16(Nu = CH,; 
Scheme 4); see Table 3. This preference is a clear symptom of an 
Me-1 R (or Me-1 S) ring-opening transition structure in which 
the C,-0 bond rupture is significantly more advanced than in 
the H-1 R (or H-1 S) analogues and, therefore, more positive 
charge is located at  the C, center (a borderline A 1 -A 2 process). 
In the H-1R (or H-1s) ring-opening transition structure in- 
volved in Schemes 2, 5 ,  and 6 b, a more intense interaction with 
the incoming nucleophile is required to elongate the C - 0  bonds 
and, thus, the nucleophilic attack at the less substituted carbon 
is preferred (an A2  process). Along the same line, the selectivity 
order toward Me-lR (or Me-1s) (H,O u/P = 4.13f0.35, 
Scheme 3; CH,OH cx/p = 2.2820.16, Scheme 4) reflects the de- 
gree of C,-0 bond rupture in the corresponding transition 
structures. According to the thermochemistry, ring opening of 
Me-lR (or Me-1s) by H,O is much less favored than by 
CH,OH and, therefore, a more product-like transition structure 
is involved, characterized by a more significant C,- 0 bond 
elongation. 


The regioseleetivity of gas-phase methanolysis of H-1 R (or 
H-1 S) displays a very close analogy with that measured for the 
same reaction carried out in acidic solution, where again an 
almost indiscriminate nucleophilic attack at both C,  (47.6- 
49.6%) and C, (50.4-52.4%) centers of the substrate is ob- 
served.[31 Mcthanolysis of 1 ,2-epoxypropane in acidic solution 
proceeds by an A2 mechanism at the C, center, whereas at the 
C, center it follows a borderline A 1 -A 2 mechanism, with bond 
cleavage being more important than bond formation. The close 
correspondence bctween the present gas-phase reactivity and 
selectivity pattern and those outlined in previous solvolytic in- 
vestigations provides conclusive cvidence that the mechanism, 
thc regiochemistry, and the stereochemistry of the acid-induced 
ring opening of 1,2-epoxypropane are rather independent of the 
nature and the solvating power of the solvent and are deter- 
mined only by the intrinsic structural and electronic properties 
of the substrate and of the nucleophile. 


Conclusions 


Application of the well-established radiolytic technique allows 
investigation of the mechanism and the stereo- and regiochem- 
istry of acid-induced ring opening of optically active 1,2- 
epoxypropane in the gas phase, interference from bulk solvents 
and counterions being excluded. The usefulness of this gas- 
phase approach resides in the unique capability of studying the 
dependence of the reaction pattern on the nature of the nucleo- 
phile and of the acid catalyst under the same experimental con- 
ditions. Thus, both the H-1 R (or H-1 S) and the Me-1 R (or 
Me-1 S) oxonium intermediates have been conveniently generat- 
ed under comparable experimental conditions and their ring 
opening by H,O and CH,OH examined. Modulation of the 
composition of the gaseous mixture allows evaluation of the 
intrinsic factors governing nucleophilic substitution at H-1 R (or 
H-1 S), which were hardly distinguishable from environmental 
factors in previous related studies in solution. Thus. depending 
upon the composition of the gaseous system, two ring-opening 
mechanisms may take place in the gas phase, one involving an 
intracomplex nucleophilic attack and the other an extraconiplcu 
substitution by the nucleophile. Both proceed through complete 
inversion of configuration of the reaction center. The gas-phase 
intraconzplex and extracomplex reactions display the same re- 
gioselectivity, which is comparable to that measured in 
analogous methanolysis reactions in solution. The different re- 
gioselectivity of H-1 R (or H-1 S) and the Me-1 R (or Me-1 S) 
toward the selected nucleophiles in the extracomp/e.u rcaction 
reflects a transition structure in which C,-0 bond cleavage 
increascs from H- lR  (or H- lS)  to Me-lR (or Me-IS) and in 
passing from CH,OH to H,O. 


Experimental Section 


Materials: Methane, methyl fluoride. oxygen, and trimethylamine were sup- 
plied as high purity gases by Matheson and used without further puritication. 
H2IRO ("0>97%)  and CD,OH (99.8% D) were purchased from Aldrich. 
CD,180H(98%D;  "0 = 9 8 % 0 ) a n d C H , ' ~ O H ( ~ ~ 0  = 9SYa)wereobtained 
from ICON Services. (S)-( -)-1,2-Propene oxide ( 1  S), (R) - (  + )-1,2-propene 
oxide (1 R ) ,  (S) - (  + )-I ,2-propanediol, (R)-( - )-I ,2-propanediol. (R)-(4R) and 
(S)-l.2-diinethoxypropane (4s) racemate, and (R)-(3 R )  and (S)-1-tnethoxy- 
2-propanol (3s) racemate were research grade chemicals from Fluka. The 
1,2-dimethoxypropanes enantiomers ( 4 R  and 4 s )  ~ I-methoxy-'-propanols 
(3R and 3s). and 2-inethoxy-I -propanols (2 Rand  2 s )  were synthesized li-om 
the corresponding (R)-( -)- and (3)-( +)-I ,2-propanediols through wcll cs- 
tablished procedures and their configuration assigned >iccordingly."31 


Procedures: The gaseous mixtures were prepared by conventional techniques: 
a greaseless vacuum line was used. The reagents and the additives were 
introduced into carefully degassed 130 mL Pyrex bulbs, each equipped with 
a break-seal tip. The bulbs were filled with the required mixture of gases, 
cooled 10 - 196 " C ,  and sealed. Irradiation was performed at 25 'C in a 
commercial y-irradiation facility to a total dose of 2 x 10" Gy at  a rate of' 
3 x 10, Gyh- ' ,  as determined by a neopentane dosimeter. The radiolytic 
products were analyzed by GLC using a Chrompiick CP9002 gas chro- 
matograph equipped with a flaine ionization detector (FID) on a DACTBS- 
Beta-CDX (30 % diacetyl trr./-butylsilyl-/~-cyclodextrin on  OV 1701 from 
MEGA) fused silica column (length 25 m, internal diameter 0.25 nim). oper- 
ated at 40- 120 C, 3 "inin '. The products were identified by comparison of 
their retention volumes with those of authentic standard compounds. and 
their identity checked by GC-mass spectrometry (GC-MS) with a Hewlett- 
Packard 5890 A gas chromatograph in line with an HP 5970 B mass selective 
detector. The yields were determined from the areas of the corresponding 
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eluted peaks, using the internal standard (3-methyl-3-pentanol) method and 
individual calibration factors to correct for the detector response. Control 
experiments were carried out to confirm the lack of undesired thermal ring 
opening of the 1.2-propene oxide substrates under the irradiation conditions. 


Appendix 


The relative distribution of the labeled products (reported in parentheses in 
Table 1 )  is calculated from the mass spectrometric fragmentation pattern of 
the relevant products given in Table 2. The extent of labeling 4 for any given 
set of products is inferred as  follows: 


1 )  4 = [m/z  = 61 (or 62)]/([m!i = 6l(or 62)] + [m/z  = 591) for the inverted 


2 )  = [nvz = 47(or 48)]/([m/z = 47(or 48)] + [in:- = 451) for the retainetl4. 
3) 4 = [m: = 33]([m/; = 331 + [n?/z = 311) for the retained 2-methoxy-l- 


propanol 2 from the CH,F,'H,O systems. 
4) Determination of 4 for the I-methoxy-2-propanol ( 3 )  requires knowledge 


of the origin of the I T J / Z  = 45 fragment, that is, of which fraction can be 
assigned to [CH,CHOH]- and which to [CH,OCH,]+. This information 
can be inferred from the relative abundance of the mi: = 47 and rvijz = 45 
fragments measured in the retained 3 from the CH,F/CH,OH systems, 
taking their labeling fraction 4 equal to that of their accompanying invert- 
ed 2. Accordingly. the measured [ m / z  = 45]/[m/z = 471 ratios can be ex- 
pressed by Equation (1) taking into account thal the [m/z  = 451 signal 
arises from both the unlabeled product (1 - 4 )  and the [CH,CHOH] ' 
fiagment of the labeled product ($[CH,CHOHJ+). while the [m/z = 471 
signal arises from 25% of the unlabeled product (0.25(1 - 4 ) )  (see 
Results section) and the [CH,OCH,]' fragment of the labeled 
product (4[CH,0CH3]+). From Equation ( l) ,  p = [CH,OCH,]+/ 
[CH,CHOH]' = 0.45. By means ofthis fragmentation ratio, the extent of 


[mi- = 45]/[m/r = 471 


2-methoxy-l -propano1 (2) and inverted 1,2-dirnethoxypropane (4). 


( 1 )  = ((1 - 4) + ~)P[CH,CHOH]+J/{~[CH,OCHJ+ + 0.25(3 - @)I 
labeling r )  in retained I-methoxy-2-propanol ( 3 )  from the CH,FjH,O 
systems can be calculated by introducing the relevant [mi; = 45]/[m/ 
r = 471 ratios into Equation (1). 


5 )  Similarly. the 4 factor for inverted3 from the CH,F/H,O systems can be 
calculated from Equation (2) taking into account the fact that the 


[m/: = 45]/[nZ/Z = 471 
( 2 )  = ( ( 1  ~ 4) + $[CH,OCH,]+)/,'b[CH,CHOH]+ + 0.25) 


M. Speranza et al. 


[mi; = 451 signal represents the unlabeled product (1 ~ 4) and the 
[CHzOCH3]+ fragment of the labeled product (d[CH20CH,]'). while the 
[m/z  = 471 signal represents 25% of its parent radical ion (0.25) (see foot- 
note [b] of Table 2) and the [CH,CHOH]+ fragment of the labeled product 
($[CH,CHOH]+). 


6) 4 = ( [ d ~  = 481 (1 + p) } / { [n i / r  = 451 + [m/z = 481) for rerained 3 from 
the CH,F/MeOH systems. 


Acknowledgements: This work was supported by the Italian Minister0 della 
Ricerca Scientifica e Tecnologica (MURST) and Consiglio Nuionale  delle 
Riccrche (CNR).  


Received: April 23, 1997 [F675] 


[ l ]  a) Part 1 : A. TJOiani, F. Gaspai-rini, F. Grandinetti. M.  Speranza. J.  A m .  
Clwn. Soc. 1997, I I Y ,  4525; b) Part 2: A. Troiani, M. Speranza. J Org. Clwm , 
submitted for pubkdtion. 


[2] a) J. G. Buchanan, H.  Z. Sable in SrLctive Orgunic T,.unsformtrrionc. fid 1 
(Ed.: B. S. Thygardjan), Wiley. New York. 1972; b) R. E. Parker, N. S Isaacs. 
Chem Rev. 1959, 59, 737; c )  A. Rosowsky in Heterocylic Comp~~unc t .~  with 
Thrue- ond Fiwr-Membered Rings. Port 1 (Ed.: A. Weissberger). Interscieiice. 
New York, 1964. 


[3] J. Biggs, N. B. Chapman. V. Wray. J. Chrm S O C .  B 1971. 71. and references 
therein . 


[4] a) P. Costantino. P. Crotti, M. Ferretti, F. Macchia, .I Org. Clw77 Soc. 1982. 
47. 2917; b) C. Battistini, P. Crotti, F. Macchia. J. Org. C ~ M J .  Soc. 1981. 46. 
434. 


[ S ]  Y. Packer. B. P. Ronald, K. W. Anderson, J. Am. Chmir. Soc 1988. 110. 6492. 
and rcferences therein. 


[6] See, for example: a) J. W. Daly, D h'l. Jerina, 8 .  Witkop, E.yperirnriu 1972.28, 
1129; b) D. M. Jerina, J. W. Daly, Science 1974. 185, 573; c) P. Sims. P. L. 
Grover, Ads. Cancer Res. 1974, 20, 165; d) J. W. Keller. C. Heidelberger. J A m .  
Chrm. Soc. 1976, YCI, 2328. 


[7] S. G. Lias. J. E. Bartmess, J. F. Liebman, J. L. Holmes. R. D. Levin. W. G 
Mallard, J. Phia. Chem. Rt,L Dam 1988, 17, Suppl. 1. 


[XI G. Angelini, M. Speranza, J.  Chem. Soc. C/irwz. Commun. 1983, 1217 
[9] T. B. McMahon, T. Heinis, G. Nicol, J. K. Hovey, P. Kebarle. J.  Am. Chrm. S o r  


1988, 110. 7591. 
[lo] The H,O-induced ring opening of Me-lR (or Me-IS) (Scheme 3) should be 


approximately thermoneutral or slightly endothermic. In view of the unfavor- 
able entropy factor involved in the process, this reaction is expected to be rather 
slow, as testified by the very limited absolute yield of products in the CH,F:I K 
(or 1 S)/H,O systems. 


[ll] T. Su, W. J. Chesnavitch, J .  P k j . ~ .  Clirm. 1982, 76, 5183. 
[I21 a) D. S. Bomse, J. L. Beauchamp, J.  Am. Chem. Soc. 1981, 103. 3292: b) K. 


Hiraoka, E. P. Grimsrud. P. Kebarle, ihid. 1974, 96, 3359: c) E P. Grimsrud, 
P. Kebarle, ;hid. 1973, 95, 7939. 


[I31 A. Achet, D. Rocrelle, I. Murengen, M. Delmas, A. Gaset. Sjnrlreris 1986. 8. 
642. 


2070 ___ ( WILbY-VCH Verlag GmbH, D-69451 Weinheim. 1997 0947-6539/9710312-2070 $17 50+ 500  Chrni Eur J 1997.3. N o  12 








FULL PAPER 


The First Examples of Enantiomerically Pure Diphosphane Dioxides- 
(R ,  , Rp)- and (S, ,&)-1,2-Di-tert-butyl-l,2-diphenyldiphosphane 1,2-Dioxides, 
and (Rp)- and (SP)-l-tert-Butyl-1,2,2-triphenyldiphosphane 1,2-Dioxides 


Richard K. Haynes,* William Wai-Lun Lam, Ian D. Williams and Lam-Lung Yeung 


Abstract: Whereas oxidative dimerization 
of each of the lithiated reagents (R,)- and 
(&)-rert-butylphenylphosphane oxides 
1 Li and 2 Li by means of oxygen in THF 
at low temperature led cleanly to meso- 
1,2-di-tc~rr-butyl-I,2-diphenyldiphosphane 
dioxide ( 3 ) ,  the respective nucleophilic 
substitution reactions of 1 Li and 2Li with 
the (R,)- and (S,)-tert-butylphenylphos- 
phinic bromides (4 and 6 )  in THF under 


argon led to the corresponding (Sp,Sp)- good yields, together with the meso- 
and (R,,,R,,)-l,2-di-rerr-butyl-l ,2-di- diphosphane dioxide 3. The structures 
phenyldiphosphane dioxides (5 and 7) in of 3 and 5 were established by X-ray crys- 


tallography. Similarly, the reaction of 
lithiated (R,)-phosphane oxide 1 Li with 


Keywords diphenylphosphinic bromide (8) or of 
asymmetric synthesis * chiral ligands achiral lithiated diphenylphosphane oxide 
P ligands * permutational isomer- 10 Li with (R,)-rert-butylphenylphosphinic 
ization - phosphane oxides bromide (4) provided (S,)-rert-butyltri- 


phenyldiphosphane dioxide (9). 


Introduction 


We have developed a large-scale, practical route to each of the 
enantiomerically pure, secondary ( Rp)- and (S,)-phosphane ox- 
ides 1 and 2. An important observation that enhances the value 


OLi 0 OLi 
I II I 


0 
I1 


Me,C.',p\H Me,C")' Ph+"jP\H ph..9$p 
Ph Ph Me,C Me,C 


1 1 Li 2 2Li 


of these reagents is that the configuration is strictly maintained 
during lithiation with butyllithium or LDA in THF to provide 
the lithiated (Rp)- and (S,)-phosphane oxides 1 Li and 2Li, re- 
spectively." -31  Although 1 Li has also been prepared previously 
by Se-Li exchange on (benzy1seleno)-tert-butylphenylphos- 
phane oxide, this route is less accessible.[41 Lithiated methyl- 
phenylphosphane oxide, prepared by reductive cleavage of an 
0-menthyl group in a menthyl phosphinate, has also been re- 
ported to be configurationally stable.[51 


Reactions of the lithiated phosphane oxides 1 Li and 2Li with 
electrophiles such as alkylating agents, aldehydes and a,fl-unsat- 
urated carbonyl compounds proceed smoothly at low tempera- 


[*) Dr. R. K. Haynes, W W.-L. Lam, 1. D. Williams, L:L. Yeung 
Department of Chemistry, The Hong Kong University 
or Science and Technology 
Clear Water Bay Road, Kowloon (Hong Kong) 
Fax. I n t  code + 2358-1594 
c-mail: hayncsf~r'uathk.ust.hk 


ture without loss of configurational integrity.". When prochi- 
ral carbonyl compounds are used, diastereoselection is usually 
good; if this is not the case, the diastereomers are generally 
readily separated by flash chromatography.['] The resulting 
functionalized tertiary phosphane oxides, with chirality at phos- 
phorus. are promising chiral ligands for a series of catalysed 
asymmetric reactions.['] 


To extend the range of ligand types for asymmetric catalysis, 
we considered preparing the hitherto unreported enantiomeri- 
cally pure P-chiral diphosphane dioxides by oxidatively cou- 
pling the lithiated phosphane oxides 1 Li and 2Li. These have 
the potential to act as ligands for main-group and high-valent 
transition metals for catalysed asymmetric reactions, especially 
under aqueous conditions. 


To our knowledge, direct oxidative coupling of phosphinyl 
anions has not been used previously to prepare diphosphane 
dioxides. Only one, albeit unusual, example of oxidative cou- 
pling of anionic phosphorus has been reported in the case of 
diphenylphosphide."] A second example involves coupling of 
diphenylphosphinyl radicals formed thermally.[81 However, by 
analogy with the oxidative coupling of carbanions, including 
P-chiral a-phosphoryl anions,['] oxidative coupling was expect- 
ed to be facile for the lithiated phosphane oxides 1 Li and 2 Li. 
In addition, early literature reports indicate that radicals derived 
from optically pure phosphinates and phosphinothioates are 
configurationally Thus, it was expected that this 
property would be displayed by the P-centred radicals formed 
upon oxidation of the lithiated phosphane oxides 1 Li and 2 Li. 


A variety of methods have been used to prepare achiral or 
racemic diphosphane dioxides.[*. 12-15' Th e most flexible in- 
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volves an unusual reaction of dichlorophosphanes with Grig- 
nard reagents to provide diphosphanes, which are then convert- 
ed into symmetrically substituted diphosphane dioxides by oxi- 
dative workup. Thus, treatment of tert-butyldichlorophosphane 
with 2,2-dimethylpropylmagnesium chloride and oxidative 
workup provided racemic 1,2-di-tert-butyl-l,2-bis(2,2-dimethyl- 
propy1)diphosphane IJdioxide, which has been thoroughly 
characteri~ed."~~ 15' Ho wever, enantiomerically pure, symmet- 
rically substituted diphosphane dioxides are unknown, and it is 
clear that they cannot be prepared by this Grignard method. 
Also, to our knowledge, no unsymmetrically substituted diphos- 
phane dioxides, let alone enantiomerically pure examples, have 
hitherto been reportcd. 


It is the aim of this work to develop general routes to enan- 
tiomerically pure, symmetrically and unsymmetrically substitut- 
ed diphosphane dioxides for future applications as hgands in 
asymmetric catalysis. We start by focussing on the oxidative 
dimerization of the lithiated phosphane oxides 1 Li and 2Li. We 
then examine heterolytic methods for preparing diphosphane 
dioxides, based on nucleophilic substitutions. 


Results and Discussion 


Oxidative Dimerization: The lithiated (R,)-phosphane oxide 1 Li 
was obtained from the enantiopure (R,)-phosphane oxide 1 and 
butyllithium in THF under nitrogen at -78"C.[31 
Treatment of the solution with copper(I1) chloride as 


Figure 1. Crystal structure of 3 


tant. Thus, dipolar repulsion places the P - 0  bonds of the 
reacting enantiomeric radicals in an unriperiplunar relationship 
with respect to the incipient P-P bond and consequently the 
phenyl and tert-butyl groups in a gauche relationship 
(Scheme 1). If radicals of the same configuration were to react, 
one of the guuche interactions would involve two tert-butyl sub- 
stituents, and the resulting transition state would be of higher 
energy. 


S 


R O  Me3CLq,ljP*0 ' { M~~c, , , ,$- -  ph:R s<h pdCMe3 b3 oxidant failed to give the coupled product; instead, 
tert-butylphenylphosphinic chloride was obtained. PhHP - PhHp 7 Ph 


Me,C .,,,, ,OLi ox. M~,C ,,,,, ,, 
However, by replacing the nitrogen with an oxygen 1 Li 1. 2- 


atmosphere, 1 Li was cleallly con- Scheme 1. Radical dimerization. 
0 0  verted into the diphosphane diox- 
\\ I/ 


Me3C">p-vCMe, ide 3 (65% yield, prisms, m.p. 
Ph Ph 202-204 "C) . Unexpectedly, however, this 


3 was shown unambiguously to be the meso 
compound by means of X-ray crystallogra- 


phy (Figure 1 ; Table 1, see Experimental Section). 
The X-ray structural determination reveals a P-P bond 


length of 2.244(2) 8, with a crystallographic inversion centre at 
its mid-point. The bond is thus slightly shorter than that 
of racemic 1,2-di-tert-butyl-l,2-bis(2,2-dimethylpropyl)diphos- 
phane 1,2-dioxide (2.28881).1141 The P-0 bond length of 
1.491 8, is typical for this type of bond. The orientation of sub- 
stituents about the P-P bond is anti, as reflected by the inver- 
sion symmetry of the P-P linkage; the torsion angles for 
01-PI-P1'-01', Cl-Pl-Pl'-C1'andC10-Pl-P1-C1O(crystal- 
lographic numbering, Figure 1) are 180". The unit cell also con- 
tains a molecule of water positioned on a twofold axis of sym- 
metry of the crystal structure; it forms two hydrogen bonds to 
the phosphane oxide oxygen atoms of different molecules 


The exclusive formation of the meso compound from 1 Li is 
intriguing. It indicates that, contrary to expectations raised by 
the literature,"'. inversion takes place in the radical 1' to give 
the enantiomeric radical 2' and that reaction occurs exclusively 
between the enantiomeric radicals. For a neutral species, com- 
plcxation by Li + will not be significant and, presumably, dipo- 
lar repulsion between the reactants therefore becomes impor- 


(0 1w-H I w . .  . 0 1  2.785 A). 


Nucleophilic Substitution: The unexpected Failure of the oxida- 
tive coupling led us to focus upon the direct nucleophilic substi- 
tution of halide in the (Rp)- and (S,)-tert-butylphenylphosphinic 
bromides 4 and 6 by the lithiated (Rp)- and (S,)-phosphane 
oxides 1 Li and 2 Li, reactions which have no literature analogy. 


Treatment of (S,)-phosphane oxide 2 in dichloromethane 
with N-bromosuccinimide at 0 "C gave crystalline (R,)-phos- 
phinic bromide 4 (95% yield, talk3 = + 44.1 (c = 0.56, CHCI,); 
[a]i3 = + 52.0 (c = 0.45, C,H6)). Similarly, (R,)-phosphane 
oxide 1 was converted into (S,)-phosphinic bromide 6 ([u]gZ = 


- 46.2 (C = 0.73, CHCl,), [a];' = - 55.6 (C  = 0.73, C,H,)). 


1 R = H  2 R = H  
G R = B r  4 R = B r  


Enantiomeric purities of 2 9 9 %  were established by 'H NMR 
assay as previously described, by addition of (&)- and (RJ-tert- 
butylphenylphosphinothioic acid.", Our preparation of 4 is 
based on that developed by Krawiecka and co-workers,["I who 
used carbon tetrachloride as solvent; they quoted a value of 
[a], = + 49.91 (c = 0.0107, C,H,) with an ee274%, estab- 
lished by chemical correlation. Under these conditions, we 
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found that traces of the corresponding phosphinic chloride 
were also formed; the use of dichloromethane avoids this 
problem. We previously prepared 4 by treatment of 2Li in T H F  
with bromine or 1,2-dibromoethane at  -78°C and found 
[TI;' = + 31.3 (c = 0.26, CHCI,);['] the ec, measured by the 
NMR assay method, was also 299%.["  However, we found 
this procedure to be very sensitive to the purity of the elec- 
trophile and the reaction temperature." 


Lithiated (R,)-phosphane oxide 1 Li (0.5 mmol) in T H F  un- 
der nitrogen was treated with (R,)-phosphinic bromide 4 
(1 equiv) in T H F  at -78 "C. After 10 hours, a 2 : l  mixture of 
two diphosphane dioxides was obtained (78 YU overall yield), 
which were readily separated by flash chromatography. The 
minor component was the meso compound 3, and the major was 
the (S,,S,)-diphosphane dioxide 5 (prisms, m.p. 180-182 "C, 
[TI;;" = + 71 (c = 0.05, CHCI,)). Similarly, (S,)-phosphinic bro- 
midc 6 reacted with lithiated (S,)-phosphane oxide 2Li to pro- 
vided (R,,R,)-diphosphane dioxide 7 (prisms, m.p. 181 - 182 "C, 


0 
\\ I? 


0 


ph..*.;p-p 
\\ I/" 


CCMe, 
Me,C 


Ph CMe, Me,C Ph 


5 7 


[ct]:' = - 70 (c = 0.05, CHCI,)) and 3 (2: 1 mixture, 78 % overall 
yield) .llsl Optical purities of 2 99.6 YO were cstablished for 5 and 
7 by 'HNMR assay at 400 MHz as previously described, by 
addition of (Sp)- and (R,)-tert-butylphenylphosphinothioic 
acids." 1 


The absolute configurations of 5 and 7 were confirmed by 
X-ray crystallographic analysis of the former (Figure 2; Table 1, 
see Experimental Section)," and through consideration of the 
stereochemistry of the nucleophilic substitution reactions at  the 
phosphinic bromides, as discussed below. 


The (S,,S,) compound 5 has a P-P bond length of 
2.2741 1) A, slightly longer than that in the meso compound 3, 
although shorter than the 2.288A observed for racemic 
1,2-di-fr~rt-butyl-l,2-bis(2,2-dimethylpropyl)diphosphane 1,2- 
dioxide.[131 The P - 0  bond lengths of 1.490 and 1.493(2) 8, 


Figure 2 .  Ci-ystal structure of 5. 


are very similar to that in compound 3. The orientation of the 
substituents about the P-P bond in 5 is essentially eclipsed, with 
a C 10-P 1-P2-C20 (crystallographic numbering, Figure 2) tor- 
sion angle of -16.5", andOI-Pl -P2-C21 and C l I - P l - P 2 - 0 2  
torsion angles of -9.5'. Thus, the two phenyl groups are 
eclipsed, and each oxygen is in an eclipsed conformation with a 
terf-butyl group. This arrangement contrasts with the miti orien- 
tations adopted by the teut-butyl, phenyl and oxygen sub- 
stituents in the meso compound. 


The optimization of the gas-phase geometries of 3 and 5 by 
using MM + with the Polak-Ribiere algorithm on Hyperchem 5 
(Hypercube, Gainsville, FA) with default parameters gives a 
minimum energy of 46.6 kcalmol-I for the meso compound 3, 
with an 0-P-P-0  torsion angle of 179.4, and of44.3 kcalmol-1 
for (S,,S,) compound 5, with a C 10-P 1 -P 2-C 20 torsion angle 
of - 7.5" and 0 1 -P 1 -P 2-C 21 torsion angle of - 15.3". Clearly 
the ground-state energies d o  not provide any indication of the 
preferential formation of (Sp,S,) and (R,,R,) compounds 5 and 
7 over meso compound 3. 


Whilst we have succeeded in obtaining the enantiomeric 
diphosphane dioxides, the formation of meso diphosphane 
dioxide 3 as a by-product in the nucleophilic substitution reac- 
tions is most intriguing. A number of possible explanations may 
be considered. 


Degenerate bromine-lithium exchange between 1 Li and 
(R,)-phosphinic bromide 4 would produce 2 Li and (S,)-phos- 
phinic bromide 6; nucleophilic substitution involving 1 Li and 
6 or 2Li and 4 could then in principle provide 3. The implicit 
assumption here is that the bromine-lithium exchange must 
be slow, and that the nucleophilic reactions between 1Li 
and 6 (or 2Li and 4) to produce meso 3 is fast compared to the 
reaction between 1 Li and 4 to  give (S,,S,)-diphosphane dioxide 
5; this is a most unlikely scenario. It is important to note that 
not evm u trace of the (R,,R,)-diphosphane dioxide 7 could 
be detected amongst the products from the reaction of I Li with 
4, or  of the (S,,S,)-diphosphane dioxide 5 from reaction of 
2Li with 6. 


Alternatively, electron transfer between 1 Li and (R,)-phos- 
phinic bromide 4 could provide the secondary phosphane oxide 
radical 1' (Scheme 1) and phosphinic bromide radical ion 4-, 
which could be transformed into the neutral radical 2' after 
extrusion of bromide; reaction between the radicals (cf. 
Schcme 1) would then produce meso compound 3. S,,1 process- 
es have indeed been recorded for reactions of potassium 
diphenylphosphide, albeit under specific conditions, and cou- 
pled products have been isolated.[191 


In the following we demonstrate that both the processes de- 
scribed above are unlikely. Achiral diphenylphosphinic bromide 
8 was prepared from lithiated diphenylphosphane oxide (10 Li) 
and bromine. Lithiated (R,)-phosphane oxide 1 Li was then 
treated with phosphinic bromide 8 to provide enantiomerically 
p u ~ e  (S,)-diphosphane dioxide 9 (48% yield, [XI;' = + 27.2 
(c = 0.05, CHCI,)). Conversely, lOLi was treated with (R,)- 


9 B R = B r  
1 0 R = H  


11 
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phosphinic bromide 4 to give again enantiomerically pure (Sp)- 
diphosphane dioxide 9. Similarly, lOLi reacted with (S,)-phos- 
phinic bromide 6 to  give (&)-diphosphane dioxide 11 (58% 
yield, [a];' = - 26.8 (c = 0.38, CHCI,)). 


Were bromine-lithium exchange or the S,,1 mechanism to 
operate between the P-chiral and P-achiral phosphinyl anions 
and phosphinic bromides, we would obtain partially or totally 
racemized products, in addition to  symmetrically coupled prod- 
ucts. No such products were observed. Whilst brominc-lithium 
exchange is no longer degenerate in the reaction between 1 Li 
and 8 to form 8Li and 6, it is likely to be exothermic since a 
weaker base is produced. Thus, bromine-lithium exchange or 
S,,1 processes can be excluded. In addition, the nucleophilic 
substitution by lithiated diphenylphosphide oxide 10 Li a t  phos- 
phinic bromides 4 and 6 leading to products 9 and 11, respec- 
tively, has unequivocally been demonstrated to proceed with 
clean inversion of configuration at  phosphorus. Hence, the same 
is true for the reactions of lithiated (I?,)- and (S,)-tert- 
butylphenylphosphane oxides 1 Li and 2Li with 4 and 6 to  pro- 
duce 5 and 7. 


The formation of meso compound 3 in the reactions of 1 Li 
and 2Li with phosphinic bromides 4 and 6 is probably due to 
permutational isomerization, either Berry pseudorotation 
(BPR) or turnstile rotation (TR), in the pentacoordinate inter- 
mediates of the nucleophilic substitution (Scheme 2) .["] Back- 
side attack of 1Li  a t  phosphinic bromide 4 will provide the 
pentacoordinate intermediate a. As a result of a stereoelectronic 


hours reaction time at  -78 "C, whereas reaction of lithiated 
diphenylphosphane oxide 10 Li with phosphinic bromide 4 on 
thc same scale requires two hours for completion. 


Conclusion 


A method has been described for the facile synthesis of novel 
symmetrically and unsymmetrically substituted diphosphane 
dioxides in enantiomerically pure form. Whilst the current in- 
vestigation has focussed on secondary phosphane oxides bear- 
ing phenyl and tert-butyl ligands, it clearly provides the basis for 
extension to other substitution patterns. In addition, the 
prospect has been opened up for the coupling P-chiral sec- 
ondary phosphane oxides with S-chiral reagents such as sulfinyl 
halides to provide the unknown sulfinyl phosphane oxides con- 
taining a P-S linkage with chirality at both phosphorus and 
sulfur. 


The properties of the enantiomerically pure symmetrically 
and unsymmetrically substituted diphosphane dioxides as chiral 
ligands for asymmetric catalysis will be reported elsewhere. 


Experimental Section 


General: Melting points were determined in a capillary tubc and iire uncor- 
rected. IR spectra were recorded for thin films on NaCl plates by using a 
Pcrkin-Elmer 16PC FTIR spectrometer. 'H (400 MHz, 300 MHz).  '.3C 


(100 MHz, 75 MHz) and 3 'P  (161 MH7) NMR spectra were 
recorded on a JOEL FX-400 and Bruker ARX-300 spectrometers 
with CDCI, as  solvent unless otherwise stated. .'lP NMR spectra 


Me,Cn 7' 
were referenced with trimethylphosphite (6, = 140.0). Optical ac- 
tivities were recorded on a Perkin Elmer 241 polarimcter. and 


CMe, OLi Ph enantiomeric purities were determined by means of 'H NMK spcc- 


TR . Me,C.,,,y I? 
ph,T-OLi .- ph,l;-P,-CMe, 


8' 
Ph 4 


Me,C..'.jPQO - pk%+ 
ph..+-OLi + 


CMe, 


1 Li 


Ph 
Phv,,PLi BPR Br.. I 


P I  
Ph,,..p+7-CMe3 ph,,,, 2P-OLI - 5 -  


Me &\ \  Br Me c/ \\ CMe, 
3 0  3 0  


b' 


I 
3 


C b 


Scheme 2. Permutational isomcrization in the reaction of 1 Li with 4. 


effect ensuring that the bromine is apical and the stereochemical 
preference for tert-butyl to  be equatorial,120 - 221 the pentacoor- 
dinate intermediate a preferentially collapses to provide the 
(S,,S,) compound 5 without undergoing permutational isomer- 
ization. However, one BPR can transform a to b in which the 
large tert-butylphenylphosphane oxide group becomes equato- 
rial.[20 -'*I Extrusion of bromide from b provides meso com- 
pound 3.[',] Alternatively, a TR1201 within a provides intermedi- 
ate b', which can also collapse to the meso compound; 
formation of b' with the bulky tert-butyl and tert-butyl- 
phenylphosphane oxide group both equatorial may be especial- 
ly favoured.[24] 


In the sterically less demanding reactions involving the 
diphenylphosphane oxides, configurational integrity of the 
products is fully maintained; elimination of apical bromine is 
faster than permutational isomerism. In this context, it should 
be noted that reaction of 1 Li with phosphinic bromide 4 or 2Li 
with phosphinic bromide 6 on a 0.5 mmol scale requires ten 


tra with added (Rp)- and (S,)-rer/-butylpheiiyl-phosphinothioic 
acids in CDCI,, as previously described."] 


Materials: (Rp)- and (S,)-tert-butylphenylphosphane oxides 1 and 
2 were prepared as previously described."] 


X-Ray Crystallography: Details of crystal structure determination 
for compounds 3 and 5 are given in Table 1. Data was collected on 
a Siemens P4-RA four-circle diffractomcter with Mo,, radiation 
(2 = 0.71073 A) and a precisely oriented graphite crystal 
monochromator. Structure solution and refinement were carried 


out by direct methods with SHELXTL-PLUS (G. W. Sheldrick. Siemens 
Analytical Instruments, 1992) 


The absolute configuration of the diphosphane dioxide 5 was established 
as (S,,S,) by refinement of a frce Variable which multiplied all A/"' imagi- 
nary components of the atomic scattering factors. This refined to a value 
of 1.1 (0.2) indicating the correct c n a n t i ~ m o r p h , [ ~ ~ ]  and the Hack paramcter 
refined to a value close to zero, -0.05(10),'24' confirming this assign- 
mcn t . 


Whilst structure solution and refinement for 5 proceeded smoothly, the struc- 
ture of the ineso compound 3, although solved initially with success, only 
refined to an R value or ca. 0.15. At this point, "ghost" peaks could bc 
discerned for the phosphorus and several other non-hydrogen atoms. These 
were succcssfully incorporated as a minor component of a twin-disorder with 
site occupancies or  0.22. Eventually pcaks for all non-hydrogen atoms of the 
minor component wcrc located and refined isotropically with bond distance 
restraints. Through this approach, thc final R value decreased to a more 
respectable 0.047 (0.060 for all data), with commensurately better esd's for 
structural parameters and a clear final difference Fouricr map showing no 
electron density peaks or holes >0.20 e k , .  


Crystallographic data (excluding structure factors) for the structures reported 
in this paper have been deposited with the Cambridge Crystallographic Data 
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Table 1 .  Summary of the crystallographic data for diphrrsphane dioxides 3 and 5 


3 5 


CZoH,,O,P, 
colourlcss b m  
0 . 5 x 0 . 2 x 0 1 5  
monoclinic 
c 2  I 


15 437 (3) 
9.516(2) 
14.360 (3) 


2072.1 (7) 
4 
380.4 
1.219 


XI6 
298 
3 0 -55.0 
in: 4.00-60.00 in 10 


1706 
1636 (R,,, = 2.15'4,) 
1326 ( F > 4  On(F)j 


100 XO(3)  


0.225 


0.80 


1 = r i ' ( ~ )  + o . o o n w  
167 


final R indices (obs. d a ~ )  (%) R = 4.71, 1l.R = 5 84 
R indices (;ill data)  (%) 
goodnesa 01' fit 1 97 


dnta-to~poranieter ratio 7.9 1 
i:trpcst d f f  peak i d c  ( c A - 2 )  0.19, -- 0.19 


R = 6.m. n . ~  =7.67 


largc\t and iiieiin .1 17 1.908, 0 135 


Czo H ,,o,P, 
colourlcss prisms 


orthorhomhic 
0.4 (1.3 n 3 


P 2 , 2 , 2 ,  


9.734 (2) 
10.645(3) 
19.01 9 ( 5 )  


1972.4(14) 
4 
362.4 
1231 
0.232 
776 
190 
3.0 55.0 
20 - 0 :  3.00-60.00 in t n  


0 . X O  + Kr sepnration 
2745 
2645 (R,,,, = 1.64%)) 
2516 (F>4.0n(F))  
' I  =1 .1 (2 )  
w - 1  = 173 ( F )  f0.0002FZ 


R = 3.41, W R  = 4.30 


219 
R = 3 19, 1i.R = 4 17 


1.63 


11 .5 : l  
0 . 3 3  -0.26 


C'entrc a b  supplementary publication no. CCIIC-100555. Copies of the data 
can be obtained free of charge on application to The Director, CCDC, 12 
IJnion Road. Cambridge CB21EZ, IJK (Fax: I i i t  code + (1223)336-033; 


(R,)-rert-Butylphenylphosphinic bromide (4): (S)-tcr/-HutylphenyIphosphalle 
oxide (2) (331 nig. 1.82 mmol) in  CH,Clz (9.0 mL) was addcd di-opwisc to 
Y-hromosiiccinimidc (323 mg, 1 mmol) in CH,CI, (9.0 mL) at 0°C under 
iiitrogcn. The rcstilting solutioii was slirrcd for 2 d .  The mixture was concen- 
iratsd tinder reduccd pressure. Flash chromatography (SiO,; ethyl acetate/ 
liexaiies 30:70) of the residue followed by concentration of the eluate gavc 
needles (450 nig. 95%) .  [a];;" = + 44.1 (c  = 0.56, CHCI,); [a];: = + 52.0 
( c =  0.45. ChHb):  n1.p. 81 83 C [ref. [16]: [XI,, = + 49.91 (c = 0.0107, 
C J I ~ , ) ~ .  ' H  NMR (400 MHz): 5 =7.86-7.92 (2H,  m, Ar-H), 7.57-7.62 
(I H. in. Ar-H). 7.49-7.54 (2H.  in, Ar-I{), 1.27 (9H. d. .I =19.53 HL) , 'P  
NMR (161 MHz): iS  = 29.90. c c t 9 9 %  (established by 'HNMK assay as 
previously dcscrihcd."-" by addition of (&)- and (R,)-/rrt-hutylphcnyl~~hos- 
phinothioic acid) 


(S,)-te,t-Butylphenylphosphinic bromide (6) was similarly obtained from (R)-  
rrit-butylphenylplios~~liaiic oxide ( 1 ) .  r ~ ' t 9 9 ' % .  needles n1.p. 81 -83°C. 
' I 1  NMR (400 MHzj:  6 =7.86-7.92 (2H.  in. Ai--H). 7.57L7.62 ( I  H, in, 
Ar-11). 7 49 7.54 (2H. in. Ar-H),  1.27 (914. d. J =19.53 HI). "P N M R  
(161 MII/):  ii = 29.90. MS: in z (CI): 261 ( M i  + I ,  65'1/0). C,,H,,BrOP 
calcd C' 46.00. H 5.40: found C 46.73. H 5.44. b]:: = - 46.2 ( c  = 0.73. 
CHCI,). [c/]A2 = ~ 55.6 (c = 0.73. C,H,,). 


Diphenylphosphinic bromide (8): Diphciiylphosphanc oxide ( I  25 mg. 
1.00 intiid) i i i  tctrahydrofuran ( 5  mL) ;it -78 C under nitrogen was treated 
dropwise with ~~-butyllithiuin. After 10 min. bromine (50 pL, 1.1 inmol) was 
addcd dropwise. The solutioii tirrcd for a further I h with warming to 
irooni teniperiiturc. Thc reaction tnixliii-e was quenched with saturated 
aqueous amnioniuni chloride solution and extracted with diethyl ether 
( 2  x 20 niL). The extracts &,ere washed with 5% ;iqucoiis sodium bisulfite 
solutioii (10 mL), dried (h4gS0,) and concentrated under reduced pressure. 
Flash chrom'itography (ethyl acctate:hexanes 50: 50) gaw the phosphinic 
hi-omidc 8 as needles (137 nig. 49%)-  m.p. 100 101 C. fi-om ethyl acetate. 


' H N M R  (400 MHL): 6 ~ 7 . 7 9 - 7 . 8 3  (4H. m, AJ-H). 7 . 4 4 ~  7.53 (6H. in, 
Ar-H).  "P N M R  (161 MHz): S =78.4. MS: IWL (CI): 282 ( M ' + l .  6SYo). 
C,,H,,BrOPcalcd C 51.28, H 3.59; found C 51.51, H 3.62. 


(Rp,Rp)-1,2-Di-ferf-butyl-1,2-diphenyldiphosphane 1,2-dioxide (7) and meso- 
1,2-Di-rert-butyl-l ,Z-diphenyldiphosphane 1,2-dioxide (3): ~?-Butyllithium was 
added dropwisc to (S)-tert-butylphenylphosphane oxide (2) (91 mg. 
0.5rnmol) in T H F  (3.0mL) at  - 7 8 ' C  under nitrogen. The solution was 
stirred for 10 inin and then treated with (S)-tert-butylphenylphosphinic bro- 
mide6(131 mg.0.5 mmol) inTHF(3.0 mL). Thereactionmixturewasstirred 
for a further 1 0  h at -78 C, and then quenched with saturated NH,CI 
solution, warmed to KT aiid extracted with dietliyl ethcr. The combined ether 
extracts were washed with brine, dried and concentrated i n  vacuo. Flash 
chromatography (SO,;  ethyl acetate:'hcxanes) of the residue afforded two 
products: first 3 and then 7 in a I : ?  ratio (141 mg, 78% overall >lcld). 


3 :  prisms, m.p. 202-204 C. 'H NMR (400 MHz): 6 = 8.33 (2H. brs. Ar-H). 
8.12 (2 H. brs. Ar-H). 7.45 -7.59 (6 H, br, Ar-H), 0.97 (IXH, d, J = 16.12 Hz. 
Mc,C). 'IP NMR (161 MHz): 6 = 48.9. MS: ti?/; (CI): 363 ( M +  + 1. 49'0). 
306 ( M t + l  - Me,C), 250 ( M '  + 2  - 2Me,C), 228 (A4 ' - Mc,C - Ph). 
C',,H,,02P, calcd C 66.29, H 7 79: found C 66.42. H 7.80. 
7: pi-isins,m.p. 181- 182'C. ' H N M R ( 4 0 0  MHz):S =7.44-7.76(10H. brm. 
Ar-H), 1.39 (IXH, d, J = 16.60 Hz, Me,C). NMR (161 MHz):  h = 48.9. 
MS: ~77;; (El): 362 ( M  ', 4%),  306 ( M +  - Me,C), 250 (M- - 2Me,C). 228 
(M' - Me,C - Ph). C,,H,,O,P, calcd C 66.29. H 7.79: found C 66.36. H 
7.79. [a]:: = -70 (C = 0.05, CHCI,). 


(S,,S,)-I,2-Di-?ert-hutyl-l,2-diphenyldiphosphane 1,Zdioxides (5) was ob- 
tained as described above aiid on the same scale starting with phosphanc 
oxides I and 4. Products 5 and 3 wcrc obtained in a ratio of 2 : l  (7X0/0 overall 
yield). 5 :  m.p. 180-182°C. 'H NMR (400 MHL):  fS =7.44 7.76 (10H, bnn, 
Ar-IH), 1.39 (18H.  d, J =I6.60 Hr.  Me,C). "P NMR (161 MHr):  6 = 48 9. 
MS: w / :  (El):  362 (A4 ' , 5 % ) .  306 ( M +  - Me,(:), 228 (M' - Me,C - Pli). 
[a]? = +71 ( c  = 0.05, CHCI,). 


(Si.)-l-fcrt-Butyl-1,2,2-triphenyldiphosphane 1.2-dioxide (9): ti-Butyllithium 
was added dropwise to (Rf-trrr-hutylphcnylphosphane oxide ( I )  (91 nig. 
0.5 mmol) in T H F  at  -78 'C under nitrogen. After 10 min, diphenylphos- 
phinic bromide 8 (102 mg, 0.5 mmol) in T H F  was addcd, and the solution was 
stirred for a fui-ther 3 h at  -78 C. It  was then quenched with saturated 
NH,CI solution, a n d  thc mixture was extracted with diethyl cther. l 'he com- 
bined ether extracts were washed with brine. dricd and concentrated under 
vacuum. Flash chromatography (SiO,: ethyl acetate hexanes 60:40) of the 
residue afforded 9 ( 5 8 %  yield) as needles, m.p. 140-144 C. from ethyl 
acetate. ' H  NMR (400 MHz): 6 ~ 7 . 4 6  -7  X6 (15H. brin, Ar-H). 1.42 (9H.  d. 
J = 15.42 H7. Mc,C). "P NMR (161 MHz): C i  = 48.5 (d. .I = 60.4 Hz). 49.3 
(d . . l=60 .4Hy) .  MS:m/z (CI )  : 383 ( M + + 1 ,  50%). 3 2 6 ( , W + 1 - M e 3 C ) :  
(El) 382 (M', 3%). C,,H,,O,P, Cakd C 69.10, H 6.33; fouiid C 69.23. H 
6.35. [XI;' = + 27.2 (c = 0.40. CHCI,). 


(Rp)- 1 -tert-Butyl- I ,Z,Z-triphenyldiphosphane I ,%dioxide (1 1 ) : ri-Bu tylli thiuin 
(0.42 inL. 1.05 niinol. 2 . s ~  in hexancs) was added to  diphenylphosphanc 
oxide (10) (202 mg. 1.0 mmol) in  THF (6 m L )  at -78 C under nitrogen. The 
resulting solution was  stirrcd for 10 inin and then treated with (S,)-to.f-  
butylphcnylphosphinic bromide (6) (262 ing, 1 .0 nimol) in THF (6 m L ) .  The 
solution was stirred for ii further 2 h at -78°C and then quenched with 
saturated aqueous ammonium chloride solution al  this tempcrature. After 
wan-ming. the mixture was extracted with diethyl ether. The combined ether 
extracts were washed with hrinc, dricd and concentrated under reduced prec- 
sure. Flash chromatography (ethyl ite: hexanes 60: 40) afforded 1 I 
(222 in&. 5 8 % )  :IS needles. mp. 140- 144 C, fi-oni ethyl acetate. ' H  NMR 
(400 Mtfz) :  6 =746-7.80 (15H. brni, Ar-H), 1.45 (9H,  d, . /=15.64Hz. 
Mc,C) "P NMR (161 MHz).  6 = 48.5 (d, J = 60.4Hr).  49.3 (d. .I = 


60.4Hz).  MS: I W :  (CI): 383 ( M + + 1 .  S O % ) ,  326 ( M ' + I - M e , C ) .  
CZ2H2,O,P2 calcd C 69.10, H 6.33: found C 69.20, H 6.36. [2]i1 = -- 26.8 
((, = 0.38. CHCI,). 
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Synthesis of Rotaxane Assemblies* * 


Thomas Diinnwald, Ralf Jager, and Fritz Vogtle* 


Abstract: The preparative syntheses of 
new nano-sized rotaxane assemblies are 
described, namely, of the first tris[2]- 
rotaxane, 15, the first bis[2]rotaxane con- 
nected at  the axles, 4, and the first 
[3]rotaxane with two different axles, 12 
(unsymmetrical “bis[2]rotaxane”). These 
syntheses were made possible by the di- 
rected incorporation of a sulfonamide 


group into the amide-linked rotaxane 
building blocks. The sulfonamide moiety 
can be used as a functional group in 


Keywords 
macrocycles * rotaxanes - sulfon- 
amides - supramolecular chemistry 
template synthesis 


Introduction 


The first rotaxanes were reported in 1967 by Schill and Zol- 
lenkopf,”] synthesized in a multistep synthesis, and by Harrison 
and Harrison,[’] who used a statistical approach. However, for 
a long time, these mechanically linked molecules were consid- 
ered to be laboratory curiosities, only accessible in low yields. 
Only after Sauvage and co-workers (1983)r31 and Stoddart and 
co-workers (1989)l4] introduced template-supported strate- 
giesr5] for the synthesis of catenanes did the related rotaxanes 
became accessible on a preparative scale. 


In 1995 we developed a new nonionic template synthesis 
(molecular recognition between electrically uncharged mole- 
cules) for amide-based [2]rota~anes.[~,  ’] Steric complementari- 
ty, n,n-interactions, and hydrogen bonding favor the inclusion 
of the guest (diacid dichloride/acid monoamide) in the cavity of 
a host macrocycle containing ainide groups (threading pro- 
cess) .[’] This strategy turned out to be surprisingly tolerant to- 
wards a great variety of diacid dichlorides,[’] and even the syn- 
thesis of the first amide-linked [3]rotaxane (1, Scheme 1) was 
carried out successfully.[’01 


With the introduction of sulfonamide groups both in the axle 
and the wheel, further preparative chemistry with rotaxanes 
became possible. The higher acidity of the sulfonamide proton 
opened up  the possibility of chemoselective deprotonation 
and further alkylation.[’ ‘I [2]Rotaxane 11 was dimerized to 


[“I P ro t  Dr. F. Vogtle, Dr. T. Diinnwald, Dr. R. Jager 
Kekule-Institut fur Orgnnisclie Chemie und Biochemie der UniversitLt Bonn 
Gerhard-Domagk-Str. 1, D-53121 Bonn (Germany) 
Fax: Int. code + (228)73-5662 
e-mail : voegt1eia)snchemie 1 .chemie.uni-bonnde 


J. Harren, K. Rissanen, F. VBgtlc, Liebigs Ann.  1996, 1201. 
[**I Chemistry with Rotaxdnes, Part 11. For Part I ,  see: R. Jager, M. Handel, 


alkylation reactions, allowing the fur- 
ther attachment of building blocks in 
good yields. The successful synthesis of 
these new rotaxane architectures demon- 
strates the synthetic potential of this sul- 
fonamide strategy in the preparation of 
multirotaxane and dendritic rotaxane 
structures. 


[3]rotaxane (bis[2]rotaxane) 2 (Scheme 1) by using a suitable 
1 ,w-diodo compound.[”] 


We now present the synthesis of new rotaxane assemblies by 
directed integration of sulfonamide groups followed by deriva- 
tization. The promising yields achieved for [nlrotaxanes recom- 
mend this strategy for further investigation with the aim of 
preparing poly- and dendritic rotaxanes. 


Results and Discussion 


Synthesis of a [3]rotaxane from a 12lrotaxane: The intramolecu- 
lar bridging of the wheel and the axle of a cycloenantiomeric[’21 
[2]rotaxane by means of 1,2-bis(2-iodoethoxy)ethane to give a 
“[l]rotaxane” proved that the steric demand of the wheel does 
not prevent the sulfonamide proton of the axle from reacting.“ 
Therefore, a [3]rotaxane should be accessible by dimerization of 
a suitable [2]rotaxane with a sulfonamide group in its axle. 
[2]Rotaxane 3 was prepared in 48% yield by our published 
procedure.[g1 Reaction of 3 and 1,2-bis(2-iodoethoxy)ethane in 
DMF with potassium carbonate led to  [3]rotaxane &the first 
axle-linked bis[2]rotaxanePin 48 % yield (Scheme 2). The 
translation process of the macrocycles along the axle is not only 
hindered by the other macrocycle but also by the podand chain 
attached to the sulfonamide groups. This limits the translational 
movement of the macrocycles of [3]rotaxane 4 in comparison to 
that in [2]rotaxane 3 or [3]rotaxane l.[lol 


Synthesis of the first unsymmetrical amide-based “bisl21- 
rotaxane” (i.e., a [3]rotaxane bearing two different axles): The 
direct bridging of two different [2]rotaxanes leads to both the 
symmetrical and the unsymmetrical bis[2]rotaxanes, which are 
difficult to separate. We therefore decided on a two-step proce- 
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Scheme 2. "Dimerization" of [2]rotaxane 3 to give [D]rotaxane 4. 


dure consisting of the synthesis of the iodo-substituted rotaxane 
10 followed by the coupling-step with rotaxane 11. 


Diacid dichloride 5 has proved to be an adequate template for 
the synthesis of rotaxanes in previous Following our 


threading strategy, 5 was treated with the stopper component 
p-triphenylmethylaniline (6) in the presence of the sulfonamide 
macrocycle 7 (Scheme 3). After column chromatography on sil- 
ica, we obtained a mixture of the [2]- and the corresponding 
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Schcmc 3. Synthesis of [2]rotaxanc 8 and [3]rotaxane 9 (bottom: dynamic translation processes). 


% " \ /  


[3]rotaxane, which were detected by mass 
spectrometry. However, only [2]rotaxane 
8 could be seperated by HPLC in 6%) 
yield. The [3]rotaxane could not be isolat- 
ed in pure form, but proof of its existence 
was provided by mass spectrometry. 


The iodo-substituted rotaxane 10 
(Schcme 4) was obtained by treatment of 
sulfonamide [2]rotaxane 8 with f.Z-bis(2- 
iodoethoxy)ethane in presence of the 
mild base potassium carbonate. In fact, 
we obtained both the desired rotaxane 
10 and the symmctrical [3]rotaxane 
(bis[2]rotaxane) 9 (Scheme 3). The con- 
formational flexibility of 9 should be 
similiar to that of our previously pub- 
lished rotaxanes" '] containing elongated 
axles: dynamic N M R  spectroscopy con- 
firmed that the wheels are not localizcd at  
one isophthaloyl unit, but shuffle be- 
tween the isophthaloyl units (Scheme 3).  


Reaction of iodo rotaxane 10 with 
mono(su1fonamide) rotaxane 11 led to 
formation of [3]rotaxane 12, which, to 
our knowledge, is the first [3]rotaxane 
bearing different axles (unsymmetrical 
"bis[2]rotaxane"). 


Synthesis of the first arnide-based 
[4jrotaxane (trisl2jrotaxane): As a test 
system for the following trisrotaxane syn- 
thesis, we first tried to convert sulfon- 
amide macrocycle 7 and 1,3,S-tris(4-bro- 
momethylphcny1)benzene (13) into the 
corresponding trismacrocycle 14 
(Scheme 5 ) .  Benzyl bromides arc expect- 
ed to  have a similar reactivity under 
analogous reaction conditions (DMF/ 
potassium carbonate) to the iodoalkanes 
used above; indeed, we obtained the de- 
sired trismacrocycle 14 in 71 YO yield. 


The first amide-linked [4]rotaxane 
(tris[2]rotaxane) 15 was obtained by reac- 
tion of 13 with [2]rotaxane 11. The fact 
that yield is lower (35%) than that for 
macrocycle 7 can be explained by the 
greater steric demand of rotaxane 11. 
Compound 15 with its new topology can 
be viewed as a first step towards a neu- 
tral, amide-based dendritic rotaxane sys- 
tem. 


Design of a macrocyclic blocking group for 
the synthesis of rotaxane networks: The 
next logical step in the synthesis of rotax- 
ane assemblies was to design a macro- 
cyclic blocking group that could also act 
as a host (cf. the self-assembly of an 
organometallic rotaxane network of Rob- 
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Schcme 4. Synthesis of [3]rotaxane 12, the first amide-based, unzymmetrical “bis[2]rotaxane’ 


son and co-workers,[131 Scheme 6 ) .  We therefore decided to ap- 
pend an amino group to an amide-linked macrocycle. As the 
point of attachment, we used a sulfonamide group, which can 
readily be derivatized. 


The reaction of macrocycle 7 with excess of 1,2-bis(2- 
i0doethoxy)ethane yielded iodo compound 16 (Scheme 7 ) ,  
which could be converted to amine 17 by a Gabriel synthe- 
sis,~14, 151 


Unfortunately, reaction of the blocking group 17 with tereph- 
thaloyl dichloride only resulted in the formation of bismacrocy- 
cle 18 (69 YO yield). No rotaxane assemblies could be detected, 
even in the crude product by MALDI-TOF-MS. This finding 
suggests that aromatic amines (e.g. p-triphenylmethylaniline) 
are more suitable for rotaxane synthesis than aliphatic ones. 
p-Triphenylmethylaniline, which we usually use, seems to  pos- 
sess a better complementarity with the macrocyclic host, owing 
to its qualities in hydrogen bonding and its steric fit. 


Nevertheless, 18 could be used as a wheel in rotaxane synthe- 
sis to give compounds of new topology (bismacrocycle- 
[2]rotaxanes). The [2]rotaxanes 20a and b were isolated in 13 
and 28 O h  yield, respectively, by using terephthaloyl dichloride 
(19a) and sulfobenzoyl dichloride (19b), respectively, as the axle 
building block (Scheme 8). The corresponding bisrotaxanes 
could not be detected. Especially 20b could be used in further 
synthesis of rotaxane assemblies, for example, by covalent 
bridging of the sulfonamide groups. 


Conclusions and Outlook 


The directed integration of sulfonamide[’61 moieties into rotax- 
anes opens up a synthetic strategy for creating new assemblies. 


Nanoscale architectures such as p o l y r ~ t a x a n e s ~ ’ ~  ~ 19] and ulti- 
mately dendritic rotaxanesrZo1 now appear to be a realistic goal. 
We have demonstrated the synthetic potential of the iodo-sub- 
stituted rotaxane 10 (e.g. with the synthesis of unsymmetrical 
“bis[2]rotaxane” 12). Owing to its reactivity, 10 can be used as 
terminal group in dendrimer synthesis and, in combination with 
various areas of organic chemistry, is a promising building 
block for the synthesis of novel molecular architectures and 
topologies containing mechanically bound components. These 
designed nanostructures are expected to provide materials with 
interesting properties, for example, topologically ~ h i r d l ‘ ~ ‘ ~  ma- 
terials (cf. cycloenantiomeric rotaxanesrZz1), structures with lu- 
minescent building blocks in the wheel or axler231 or allowing 
electron transfer processes between moieties of the molecule,[z41 
and catenane/rotaxane polymers.[251 


Experimental Section 


General Methods: Chemicals were purchased from Fluka and Aldrich and 
were used as  received. Dichloromethane was dried over 4 A molecular sieves, 
D M F  was distilled before use. 3-Sulfobenzo~ acid dichloride (I9 b),‘261 bis[2- 
(3‘-aminopropyloxy)ethyl] ether 5,[’”] macrocycle 7,[’ [2]rotaxane 3,”’ 
[2]rotaxane 11,[1” and 1,3,5-tris(4-bromomethylphenyl)benzene (l3)[”’ were 
prepared according to published procedures. Thin-layer chromatography was 
carried out on aluminum sheets precoated with silica gel 60F,,, (Merck 
1.05554). The sheets were inspected by UV light (A = 254 nm). Column chro- 
matography was carried out on silica gel 60 (Merck 15101) and high-perfor- 
mance liquid chromatography on a Gilson Serie Abimed fitted with a UV 
detector. The column was packed with Lichrosorb RP18-5[281 or Eurospher 
100-C 18.1291 Melting points were determined on a Kofler microscope heater 
(Reichert, Wien) and are not corrected. Microanalyses were performed by the 
Microanalytical Department a t  the “Kekule-lnstitut fur Organische Chemie 
und Biochemie der Universitat Bonn”. Fast-atom bombardment mass spec- 
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K2CO3. DMF 


KzCO3. DMF 


11 


t 
15 


Scheme 5. Svnthesis of trismacrocvcle 14 and the first amide-linked 14lrotaxane 15. I * I  I 
" A  I 


. _  n 
tra (FABMS) were obtained on an Kratos Concept 1 H spectrometer (Kratos, 
Manchester, UK). The matrix used was m-nitrobenzyl alcohol. MALDI- 
T O F  spectra were recorded on a Micromass TOF specE (Micromass, 
Manchester, UK); the matrices used were 9-nitroanthracene (9-NA) and 
2,5-dihydroxybenzoic acid (2.5-DHB). The 'H and I3C NMR spectra were 
recorded on a Bruker AM250 (250 MHz ( lH) ,  62.9 MHz ("C)) or a Bruker 
AM400(400 MHz('H), 100.6 MHz(l3C)) spectrometer. Abbreviations: ar.: 
aromatic; cy: cyclohexyliden; tBu: rerr-butyl; iso: isophthaloyl; 3sb: 3-sul- 
fobenzoyl; ter: terephthaloyl. 


13jRotaxane 4: Potassium carbonate (30 mg, 0.22 mmol) was suspended in a 
solution of [2]rotaxane 3 (254 mg, 0.14 mmol) in dry D M F  (15 mL). 1,2- 
Bis(2-iodoethoxy)ethane (26 mg, 70 pmol) dissolved in dry D M P  (10 mL) 
was added to this suspension at room temperature. The reaction mixture was 


Scheme 6. Part of a proposed rotaxane network (cf. the organometallic rotaxnne 
network of Robson and co-workers [13]). 
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I stirred for 2 d,  the solvent removed in vacuo. and 
the remaining residue purified by column chro- 
matography (SO, ,  dich1oromethane;ethyl ac- 
etate/diethyl ether 2 0 : l : l ;  R, = 0.67). 126 mg 
(48% yield). M.p. 239°C; MALDI-TOF (2.5- 
DHB): mi; = 3709.9 [ M + H ] + ;  ' H N M R  


(s, 18H;  CH,-tBu), 1.10-1.39 (br, 24H; CH,), 
1.44 (s, 24H; CH,), 1.47 (s, 24H; CH,), 1.97 (br, 
16H; CH,). 2.R9-2.95 (hr. 8 H ;  CH,N, CH,O). 
3.63 (br, 4 H ;  CH,O). 6.00 (d, 4H.  3J(H.H) = 


7.7 Hz; stopper),6.18 (d, 2H,  3J(H.H) =7.S Hz: 
3sh-axle), 6 41 (d, 4H,  ,.f(H.H) = 8.7 Hz; stop- 
per), 6.57 (s, RH; wheel), 6.62 (s. 8 H ;  wheel). 
6.71 (d, 4H.  3J(H,H) =7.7 Hz; stopper), 6.75- 
6.95 (signal group, 66H; 64H stopper, 2 H  3sb- 
axle), 7.06 (d, 2H.  'J(H,H) =7.8 Hz; 3sb-axle), 
7.14 (t, 2H,  'J(H,H) =7.6 Hz; iso-wheel), 7.68 
(d, 4H. 'J(H,H) =7.6 H7; iso-wheel), 7.70 (s, 
2 H ;  3sb-axle), 7.83 (s, 4 H ;  tBu-iso-wheel), 7.97 
(s, ZH;  IBu-iao-wheel), 8.03 (s, 2 H ;  iso-wheel) 


121Rotaxane 8: A solution of 7 (4.9 g. 4.9 mmol) 
and 5 (518 mg, 0.94mmol) in dry dlchloro- 
methane (I50 mL) was added at  room tempera- 
ture over a period of 5 h top-triphenylmethylani- 
line (6) (631 mg, 1.88 mmol) and triethylamine 
(0.26 mL, 1 .X8 mmol) in dry dichlorotnethane 
(100 mL). After removal of the solvent the re- 
maining residue was purified by column chro- 
matography (SO,, dichloromethane!methanol; 
dicthyl ether 30:1:5. R, = 0.35). The resulting 
product was a mixture of [2]- and [3]rotaxane. 
[2]Rotaxane 8 was isolated by HPLC on Lichro- 
sorb RP18-5 (liquid phase: CH30H) ;  the 
[3]rotaxane could not be isolated in a pure 
form. 122 ing (6% yield). M.p. 205-207 C ;  
F'ABMS: m/z = 2148.0 IM+H]+ .  997.5 


(250 MHZ, CDCI, + CD,OD, 2 0 ~ ) :  6 = 0.94 


7 16 


b 


DMF - 2.) N2H4. CH3W 


17 


0 


18 [ M + H  (wheel 7)]+; MALDI-TOF (9-NA): 
m/z  = 2148.1 [M+H]+ ; 'H NMR (400 MHz, Scheme 7. Synthesis of the macrocyclic blocking group 17 and bismacrocycle 18. 


n 


2048 ___ 


a b Scheme 8. Synthesis of [2]rotaxanes 20a and b 
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[D,]DM~,20"C)=1.37(s,9H;CH,-tBu),1.48(br,8H;CH2),1.58(br,8H; 
CH,), 1.80(s, 12H; CH,),2.20 (s, 6H;  CH,), 2.22 (s, 6H;CH3),2.33-2.47 
(br, 8 H ;  CH,), 3.15 (br, 4H;  CH,N), 3.38 (t, 4H,  ,J(H,H) = 6.3 Hz; 
CH,O), 3.50 (m. 8 H ;  CH,O), 7.09 (s, 2 H ;  wheel), 7.14 (s, 2 H ;  wheel), 7.20 
(d, 4H,  ,J(H,H) = 8.6 Hz; stopper), 7.22 7.38 (signal group, 30 H;  stopper), 
7.42 (m, 8 H ;  4 H  iso-axle, 4 H  wheel), 7.68 (d, 4H, ,J(H,H) = 8.6 Hz; 


, l H ,  3J(H,H) =7.8Hz;  3sb-wheel), 7.90 (d, 2H,  
o-axle), 8.03 (s, 1 H ;  3sb-wheel), 8.15 (s, 1 H ;  tBu-iso- 


wheel), 8.22 (d, 1 H, ,J(H,H) =7.8 Hz; 3sb-wheel), 8.28 (s, 1 H;  rBu-iso- 
wheel), 8.31 (s, 2 H ;  NH-aliph.), 8.34 (s, 2 H ;  iso-axle), 8.46 (d, I H ,  
'J(H,H) =7.8 Hz; 3sb-whecl), 8.60 (s, 1 H ;  NH-wheel), 9.04 (s, 1 H ;  rBu-iso- 
wheel), 9.25 (br, 1 H ;  SO,NH-wheel), 9.43 (s, 1 H ;  NH-wheel), 10.32 (s, 2 H ;  
NH-axle), 10.33 (s, 1 H; NH-wheel); I3C NMR (100.6 MHL, CDCI, 
+ CD,OD, 20°C) =18.14, 18.23, 18.46, 18.80 (CH,), 22.53, 22.70. 26.01, 
27.17. 28.76 (CH,), 30.92 (CH,-tBu), 34.32 (CH,N), 35.06 (C,-IRu), 36.70, 
37.53 (CH,). 44.68, 44.75 (C,-cy), 64.44 (C,-trityl), 69.15, 69.79, 70.06 
(CH,O), 120.46, 122.72, 125.33, 125.49, 125.61, 125.84, 126.58, 126.86, 
127.31, 128.49, 129.13, 129.58, 129.88, 130.06 (CH), 130.17, 130.70 (CJ, 
130.92, 131.27 (CH), 133.26, 133.78, 134.41, 134.63, 134.89, 134.91, 135.13, 
135.30, 135.38, 137.68, 143.30, 143.80, 146.01, 146.51, 147.11, 148.53, 
149.47, 153.31 (CJ, 164.58, 165.64, 166.04, 166.66, 167.64 (CO); 
Ci,,H,,,N,0i,S.5H,0: calcd C 74.57, H 6.84, N 5.00, S 1.43; found C 
74.80, H 6.74, N 4.80, S 1.62. 


131Rotaxane 9 and iodide 10: Potassium carboilate (7 mg, 51 pmol) was sus- 
pended in a solution of 1,2-bis(2-iodoethoxy)ethane (27 mg, 73 Nmol) in dry 
D M F  (5 mL). [2]Rotaxane 8 (1 10 mg, 51 pmol) dissolved in dry DMF (8 mL) 
was added at room temperatiirc to this suspension. The reaction mixture was 
stirred for 12 h, the solvent removed in vacuo, and the remaining rcsidue 
purified by column chromatography (SiO,, dichloromethane/methanol/di- 
ethyl ether 20:l : 5 ) .  
9: R, = 0.39; 12 mg (l0"/0 yield). M.p. 197°C; MALDI-TOF (2.5-DHB) 
m/z =4413.3 [M+H]+,  4433.6 [M+Na]+,  4450.6 [M+K]'; 'HNMR 
(400 MHz, [D,]DMF, 20°C): 6 =l .38 (s, 18H; CH,-tBu), 1.50 (br, 8 H ;  
CH,), 1.62(br,24H;CHZ),1.81 (s,12H;CH3),2.22(s,36H;CH,),2.44(br, 
16H; CH,), 3.14-3.53 (signal group, 44H; CH,N, CH,O), 7.08 (s, 8 H ;  
wheel), 7.18-7.38 (signal group, 80H; 76H stopper, 4 H  iso-axle), 7.42 (s, 


, 2H, ,J(H,H) =7.8 Hz; 3sb-wheel), 8.05 (s, 2 H ;  3sb- 
wheel), 8.16 (s, 2 H ;  tBu-iso-wheel), 8.17 (s, 4 H ;  iso-axle), 8.23-8.38 (signal 
group, 16H; 2 H  3sb-wheel, 2 H  tBu-iso-wheel, 8 H  iso-axle, 4 H  NH-axle), 
8.54 (d, 2H, 'J(H,H) ~ 7 . 8  Hz; 3sb-wheel), 8.59 (s, 4 H ;  NH-axle), 9.03 (s. 
2 H ;  H tBu-iso-wheel), 9.44 (s, 2 H ;  NH-wheel), 10.30 (s, 2 H ;  NH-wheel). 


N 4.90; found C 74.25, H 6.66, N 4.45. 
10: R, = 0.67; 87 mg (71 % yield). M.p. 169 "C; MALDI-TOF (2,5-DHB): 


(250 MHz, [D,]DMF, 20°C): 6 = 1.39(s, 9 H ;  CH,-tBu), 1.53 (br, 4 H ;  CH,), 
1.61 (br, 12H; CH,), 1.83 (s, 12H; CH,), 2.24 (s, 12H; CH,), 2.48 (br, XH; 
CH,), 3.35-3.75 (signal group, 28H; CH,I, CH,N, CH,O), 7.10 (s, 4 H ;  
wheel), 7.20 (d, 4H,  ,J(H,H) = 8.6 Hz; stopper), 7.25-7.38 (signal group, 
3XH; 30H stopper, 8 H  ]so-axle), 7.42 (s, 4 H ;  wheel), 7.67 (d, 4H,  
".I(H,H) = 8.6 Hz; stopper), 7.88 ("t", 1 H, 'J(H,H) =7.8 Hz; 3sb-wheel), 
8.08 (s, 1 H ;  3sb-wheel), 8.18 (s, 1 H;  tBu-iso-wheel), 8.28 (d, l H ,  3J(H,H) = 


7.8 Hz; 3sb-wheel), 8.29 (s, 1 H ;  tBu-iso-wheel), 8.34 (s, 2 H ;  NH-axle). 8.55 
(d, 1 H, 'J(H,H) =7.8 Hz; 3sb-wheel), 8.60 (s, 2 H ;  NH-axle), 9.03 (s, 1 H; 
tBu-iso-wheel), 9.43 (s, 1 H ;  NH-wheel), 10.28 (s. 1 H;  NH-wheel), 10.33 (s, 
1 H;  NH-wheel); I3C NMR (100.6 MHz, CDCI,, 20'C): 6 = 2.83 (CH,I), 
18.42, 18.72, 18.93 (CH,), 22.91, 23.02, 23.75, 28.94, 30.40 (CH,), 31.28 
(CH,-tBu), 35.28 (C,-rBu), 38.73 (CH,), 44.92, 45.19 ( C p y ) ,  64.62 (Cq- 
trityl),68.13, 68.19, 69.84, 69.99, 70.07, 70.24, 71.89(CH2N, CH,O), 125.60, 
126.06, 126.14, 127.55, 127.63, 127.92, 128.79, 128.83, 128.86, 129.10, 129.84, 
129.86, 130.79, 130.96, 131.13, 131.46 (CH), 131.87, 132.43, 133.66, 134.13, 
134.18, 134.39, 135.10, 135.13, 135.50, 141.50, 146.69, 153.33, 153.50 (Cq), 
164.16, 164.41, 165.41, 165.43, 165.87 (CO); Ci , ,H, , , IN~0, ,S~6H,0:  calcd 
C 69.69, H 6.66, N 4.48, S 1.28; found C 69.56, H 6.99, N 3.48, S 1.88. 


13IRotaxane 12: Potassium carbonate (1 .5 mg, 11.1 pmol) was suspended in a 
solution of [2]rotaxane 1 1  (18 mg, 10.4 pmol) in dry DMF (10 mL). Iodide 10 
(35 mg. 14.6 pmol) dissolved in dry D M F  ( 5  mL) was added to this suspen- 
sion at room temperature. The reaction mixture was stirred for an additional 
12 h,  the solvent removed in vdcuo, and the remaining rcsidue purified by 
column chromatography (SiO,. dichloromethane/mcthanol/diethyl ether 


10.33 (s, 2 H ;  NH-wheel); C,84H,,4NI,0,6S,.9H,0: calcd C 74.58, H 6.88, 


m / i  = 2390.6 [M+H]+,  2412.6 [M+Na]+,  2428.5 [ M + K ] + ;  ' H N M R  


5:O.l : l ;  R,= 0.36). 11 mg (27% yield). M.p. 229'C; MALDI-TOF (2,s- 
DHB): nz/z = 4061.0 [M+H]+, 4083.8 [M+Na]+,  4098.9 [ M + K ] + ;  


9 H ;  CH,-rBu). 1.50 (br, 8 H ;  CH,), 1.59 (hr, 20H; CH,), 1.X1 (s. 12H; 
CH,), 2.11 (s, 12H; CH,), 2.23 (s, 24H; CH,), 2.45 (br, 16H; CH,), 3.10- 
3.55 (signal group, 28H; CH,N, CH,O), 7.04 (s, 4 H ;  whecl). 7.08 (s, 4 H ;  
wheel), 7.10 (s, 4 H ;  wheel), 7.18-7.38 (signal group, 82H; 76H stopper, 2H 
iso-axle, 4H ter-axle), 7.41 (s, 4 H ;  whecl). 7.85 (m, 2 H ;  3sb-wheel). 8.07 (s. 
2 H ;  3sb-wheel), 8.15 (s, 2 H ;  tBu-iso-wheel), 8.16 (s, 2 H ;  iso-axle), 8.23-8.35 
(signal group, 10H; 2 H  3sb-whee1, 2 H  tBu-iso-wheel, 4 H  iso-axle, 2H NH- 
axle), 8.54(d, 2H,  ,J(H,H) =7.8 Hz; 3sb-whecl), 8.58 (s, 2 H ;  NIl-axle), 8.59 
(s, 2 H ;  NH-axle), 8.95 (s, 2 H ;  tBu-iso-wheel), 9.03 (s, 1 H ;  NH-wheel). 9.20 
(s, 1 H ;  NH-wheel), 9.43 (s, 1 H; NH-wheel), 10.32 (s, 1 H;  NH-wheel), 10.33 
(s, 1 H ;  NH-wheel), 10.41 (s, 1 H; NH-wheel). 


Trismacrocycle 14: Macrocycle 7 (637 mg, 0.64 mmol) and 1,3,5-tris(4-hro- 
momethylpheny1)benzene (13) (125 mg, 0.21 mmol) were dissolved in DMF 
(1 5 mL). After addition of potassium carbonate (88 mg, 0.64 mmol) the re- 
sulting mixture was stirred for 48 h at 50°C. After removal of the solvent, the 
remaining residue was purified by column chromatography (SiO,, 
dichloromethaneiethyl acetate/diethyl ether 20: 1 : 1 ; R, = 0.21). 504 mg 
(71% yield). M.p.>300"C; FABMS: rnji = 3334.7 [ M + H ] + ;  MALDI- 


20"C):6 =1.12-1.65(br,36H;CH2), 1.25(s,27H;CH3-rBu). 1.91 (s,36H; 
CH,). 1.92-2.38 (br, 24H; CH,), 2.02 (s, 36H; CH,), 4.38 (s. 6 H ;  CH,N), 
6.60 (s, 6 H ;  ar-H), 6.75 (s, 6 H ;  ar-H), 6.85 (s, 12H; ar-H). 6.89 (d. 6H,  
,J(H,H) =7.8 Hz; ter-H), 7.32 (d, 6H. "J(H,H) ~ 7 . 8  Hz: ter-H), 7.49 (s, 
3 H ;  ar-H), 7.52 (dd. 3H,  'J(H,H) =7.6 Hz. 'J(H,H) =7.6 Hz;  3sb-H). 7.99 
(d, 3H,  'J(H,H) =7.6 Hz; 3 ~ b - H ) ~  8.02 (s. 6 H ;  tBu-iso-H). 8.08 (s, 3 H ;  
tBu-iso-H), 8.09 (d, 3H,  3J(H,H) =7.6 Hz; 3sb-H) 8.11 (s, 3 H ;  3sb-H); ',C 
NMR (62.9 MHz, CDCI, + CD,OD): S =17.94, 18.17, 18.33. 18.82 (CH,), 
22.53, 22.62, 25.98, 26.32 (CH,), 30.99 (CH,-rBu). 34.78 (CH,), 34.90 (Cq- 
tBu), 36.65 (CH,), 44.65, 44.75 (C,-cy), 53.48 (CH,N), 123.03. 124.71, 
125.43, 126.05, 126.55, 126.72, 127.03, 127.34, 128.49, 128.71, 129.08, 130.01. 
130.55, 130.68, 130.83, 131.14, 131.21 (CH), 133.00, 133.40, 133.67, 133.73, 
134.81, 134.99, 135.10, 140.40, 141.52, 142.33, 146.01, 146.86, 148.48. 149 18. 
153.18 (CJ, 165.16, 166.28, 166.53 (CO). 


'HNMR (400 MHz, [D,]DMF, 20°C): 6 =1.38 (s, 9 H ;  CH,-rBu), 1.39 (s, 


TOF: m/z = 3334.5 [M+H]'; 'HNMR (250MH7, CDCI, + CD,OD, 


141Rotaxane 15: [ZIRotaxane I 1  (210 mg, 0.12 inmol) and 1,3,5-tris(4-bromo- 
methy1phenyl)benzene (13) (23 mg, 0.04 mmol) were dissolved in DMF 
(12 mL). After addition of potassium carbonate (30 mg, 0.22 mmol), the 
rcsulting mixture was stirred for 48 h at 50 'C. After removal of the solvent, 
the remaining residue was purified by column chromatography (SiO,, 
dichloromethane/ethyI acetate 25: i ;  R, = 0.08). 79 mg (35% yield). 


'HNMR (250 MHz, CDCI, + CD,OD): b =1.12 1.65 (br, 36H; CH,), 
1.30(s, 27H; CH,-tBu), 1.75-2.38 (br, 24H; CH,). 1.91 (s, 36H; CH,), 1.93 
(s, 36H; CH,), 4.58 (s, 6 H ;  CH,N), 6.68-7.62 (signal group. 168H; ar-H), 
8.03-8.21 (signal group, 15H; ar-H), 8.70 (s, 3 H ;  ar-El); I3C NMR: 
(62.9 MHz, CDCI, + CD,OD): 6 =18.29, 18.42, 18.61, 18.88 (CH,), 22.78. 


M.p.>30O0C; MALDI-TOF (2,5-DHB): = 5759.4 [M+Na] ' ;  


26.29 (CH,), 31.00 (CH3-tBu), 34.45 (CH,). 35.16 (C,-tBLi), 44.79, 44.87 
(C,,-cy), 53.45 (CH,N), 121.29.122.42, 125.16,125.58,125.92, 126.74, 127.05, 
127.20, 127.42, 127.63, 127.79, 128.70, 128.97, 129.51. 130.06, 130.19, 130.48, 
130.60, 130.76, 130.97, 131.09 (CHI, 131.28, 131.90, 133.06, 133.14, 133.64, 
133.75, 134.87, 135.01, 135.24, 135.38, 137.36, 140.54, 141.61. 141.89. 141.95, 


164.21, 165.33, 165.74 (CO). 


Iodide 16: Potassium carbonate (91 mg, 0.66 mmol) was suspended in a solu- 
tion of 1,2-bis(2-iodoethoxy)ethane (407 mg, 1.1 mmol) in dry DMF 
(10 mL). Macrocycle 7 (658 mg, 0.66 mmol) dissolved in dry DMF (20 mL) 
was added to this suspension at room temperature within a period of 3 h. The 
reaction mixture was stirred for an additional 12 h, the solvent removed in 
vacuo, and the remaining residue purified by column chromatography (SiO,, 
trichloromethane/cthyl acetate 4:1; R, = 0.50). 507 mg (62% yield). 
M.p. 197-198'C (decomp.); FABMS: niiz =1239.6 [ M + H ] + ;  'HNMR 
(250 MHL, [D,]L)MF, 20°C) =1.43 (s, 9 H ;  CH,-tBu), 1.50-1.70 (br, t2H;  
CH,), 2.18 (s, 6 H ;  CH,), 2.23 (s, 12H; CH,). 2.25 (s, 6 H ;  CH,), 2.40-2.55 
(br, 8 H ;  CH,), 3.35-3.65 (signal group,l2H; CH,I, CH,N, C:H,O), 7.25 (s, 
2 H ;  ar-H), 7.26 (s, 4H;  ar-H), 7.29 (s, 2 H ;  ar-H), 7.88 ('I", 1 H, 
'J(H,H) =7.8 Hz; 3sb-H), 8.19 (s, 1 H;  /Bu-iso-H), 8.26 (s, 1 H;  rBu-iso-H), 
8.28 (s, I H ;  rBu-iso-H), 8.30 (d, 1 H, 'J(H,H) =7.8 Hz; 3sb-H). 8.50 (d, 1 H. 


143.70. 143.78, 146.17, 146.37, 146.58, 147.25, 148.58, 150.19. 153.50 (CJ, 
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,J(H,H) ~ 7 . 8  Hz: 3sh-H), 8.80 (s, 1 H ;  3-sh-H), 9.15 (s. 1 H ;  NH), 9.85 (s. 
1 H;  NH), 10.05 (s, 1 H ;  NH); "C NMR (62.9 MHz, CDCI,, 20°C): 


(C'H,), 31.25 (CH,-tHu). 35.39 (CH,). 36.23 (C,-tBu), 37.25 (CH,), 44.95, 


125.88, 126.42, 127.19, 127.82, 128.21, 128.83. 129.40, 129.65 (CH), 130.60 
(Cq). 130.94, 131.31 (CH), 132.45, 134.29, 134.47. 134.74. 134.89. 135.35, 
137.89, 141.82, 144.80. 146.89, 148.75. 150.63, 154.10 (C,) ,  164.28, 165.08, 
165.48 (CO);  C,,H,31N40,S.3H,0: calcd C 64.07, H 6.94, N 4.33, S 2.48; 
found C 63.70, H 6.58, N 3.86, S 3.75. 


d = 2.83 (CH,I). 18.47, 19.07, 19.25, 19.41 (CH,), 22.84, 23.02. 26.33, 26.40 


45.48 (C,-CY), 49.54 (CH,N). 68.20, 70.01, 70.26, 71.93 (CH,O). 121.42. 


Amine 17: Potassium phthalimide (302 mg, 1.63 mmol) was added to a solu- 
tion of iodide 16 (832 mg, 0.67 mmol) in dry DMF (20 mL). The reaction 
mixture was heated to 90°C for 7 h and stirred gently. After cooling, 
trichloromethane (80 mL) was added, and the organic phase was extracted 
three times with water (50 mL) and dried over magnesium sulfatc. The solvent 
was removed in vacuo and the rcmaining residue purified by column chro- 
matography to give the corresponding phthalimide (m.p. 295- 9 "C) (SO, ,  
dichloromethanejethyl acetate 4: I ;  R ,  = 0.67). 596 mg (70% yield). The 
phthalimide (188 mg, 0.15 mmol) was dissolved in methanol (10 mL). After 
addition of' hydrazine hydratc (0.3 mL), the solution was refluxed for 2 11. 
Finally the solvent wiis removed in vacuo, and the remaining residue purified 
by column chromatography (SO,,  dichloromethane/mcthanol/ammonia 
20:1.6:0.4; R ,  = 0.20). 163 mg (93%) yield). M.p. 257°C; FABMS: m/z = 
1128.3 [M+H]+;  ' H N M R  (250 MHz, [D,]DMF, 20'C):  ii =1.40 (s, YH; 
CH,-rBu), 1.55 (hr, 8 H :  CH,), 1.62 (br, 4 H ;  CH,), 2.15 (s, 6 H ;  CH,), 2.22 
(s. 12H; CH,), 2.25 (s, 6 H ;  CH,), 2.38-2.65 (br, 8 H ;  CH,), 3.20-3.65 
(signal group, 12H; CH,N. CH,O), 5.82 (m. 211; NH,), 7.25 (s. 4 H ;  ar-H), 
7.29 (s. 411; ar-H). 7.88 ("t", 1 H, ,.I(H,H) =7.8 Hz: 3sh-H). 8.20 (s, 1 H ;  
tBu-iso-H), 8.27 (s, 1 H ;  rBu-iso-H). 8.29 (br, 2 H ;  3sb-H), 8.52 (d, 1 H, 
'J(H,H) =7.8 H7; 3sh-H), 8.85 (s, 1 H; tBu-iso-H), 9.23 (s, 1 H ;  NH), 9.85 
( 5 ,  1 H ;  NH). 10.05 (s, 1 H ;  NH); '"C' NMR (62.9 MHz, [L),]DMF, 20°C): 
6 =18.69. 18.85, 18.97.19.42 (cH,), 23.44.23.57, 26.73, 2 8 . 9 2 ( ~ ~ , ) ,  31-40 
(CH,-tBu). 37.50 (CH,), 42.23 (C,-/Bu), 45.41, 45.89 (CH,N), 50.43, 55.43 
(C,-cy), 68.73. 70.46, 70.51, 73.34 (CH,O), 125.44, 126.27. 126.55, 127.76, 
128.44. 128.62. 129.97, 130.13, 131.29. 131.69 (CH), 133.28. 133.70, 134.03, 
135.25, 135.68, 135.80, 135.89. 135.89, 135.93. 142.55, 145.17, 147.36, 148.20, 
150.86, 153.10 (CJ.  164.59, 165.44, 165.99 (CO). 


Bismacrocycle 18: A solution of terephthaloyl dichloride (19a) (26 mg, 
0.13 mmol) in dry dichloromethane (15 mL) was added at  room temperature 
to m i n e  17 (298 mg, 0.26 mmol) and triethylamine (0.04 mL, 0.26 mmol) 
dissolved in dry dichloromethane (100 mL) over a period of 2 h .  Aftcr 
removal of the solvent the remaining residue was purified by column 
chromatography (SO,,  dichloromethane/methanol/diethyl ether 30: 1 :5, 
R, = 0.49). 216 mg (69% yield). M.p. 270-275 " C ;  FABMS: m/z = 2387.4 
[ M + H ] + ;  'HNMR (250MHz, [D,]DMF, 20°C): f i  =1.40 (s, 18H; CH,- 
tBu),1.50(br,16H;CH,),1.58(br,8H;CH,),2.18(s,24H;CH,),2.20(s, 
12H; CH,), 2.21 (s, 12H: CH,), 2.35-2.60 (br, 16H; CH,), 3.30-3.70 
(signal group, 24H; CH,N, CH,O), 7.25 (s, 8 H ;  ar-H), 7.28 (s, 8 H ;  ar-H), 


, 2H, 3J(H,H) =7.9 Hz; 3sh-H). X.20 (s, 2 H ;  tBu-iso-H), 8.28 (m, 
XH: 4H ter-H, 2 H  3sb-H, 2 H  tBu-iso-H), 8.38 (s, 2 H ;  3-sb-H), 8.50 (d, 2H,  
'J(H,H) =7.9 Hz; 3-sh-H), 8.65 (s, 2 H ;  tBu-iso-H), 8.80 (s, 2 H ;  NH),  9.15 
(s. 2 H ;  NH), 9.80 (s, 2 H ;  NH), 10.00 (s, 2 H ;  NH); ' ,C NMR (62.9 MHz, 
[D,]DMF, 20'C): ii =18.69, 18.83, 18.95, 19.43 (CH,), 23.45, 23.57, 26.72, 
26.92 (CH,), 31.40 (CH,-rBu). 35.23 (CH,), 37.24 (C;IBu), 40.23 (CH,N), 
45.41. 45.88 (C,-cy), 50.40 (CHIN), 68.75. 69.90, 70.72, 70.74 (CH,O), 
125.28. 126.28, 126.55, 127.78, 127.91. 128.48, 128.65. 130.13, 131.25, 131.67 
(CH), 133.26. 133.66, 133.98, 135.24, 135.69, 135.80, 135.88, 135.92, 137.75, 
142.56, 145.22, 147.40. 148.21. 150.86. 153.14 (Cq), 164.63, 165.38, 165.96. 
166.61 (CO);  C,,,H,,,N,,0,,S2.7H,0: calcd C 69.77, H 7.46, N 5.57, S 
2.55: found C 69.43, H 7.33, N 6.76, S 2.86. 


121Rotaxane 20a: A solution of 18 (179 mg, 75 pmol) and terephthaloyl 
dichloride (19a) (203 mg, 1 mmol) in dry dich\oromethdne (1 5 mL) was added 
at room temperature over a period of 2 h to p-triphenylmethylaniline (6)  
(671 mg, 2 mmol) and triethylamine (0.28 mL. 2 mmol) in dry 
dichloromethane (30 mL). After removal of the solvent the remaining residue 
was purified by column chromatography (SO,, trichloromethane/methannl/ 
diethyl ether 30: 1 :2 ;  R, = 0.10). The resulting product was a mixture of 20a 
and unconverted 18. [2]Rotdxane 20a could be separated by HPLC on Euro- 
spher 100-CI8 (liquid phase: CH,OH). 32mg (23% yield). M.p. 260- 
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262°C; FABMS: m/z = 3186.5 [M+H]+ ,  2386.3 [M + H (bismacrocycle)]'; 
' H N M R  (400 MHz, [D,]DMF, 20.C): 6 =1.40 ( s ,  9 H ;  CH,), 1.41 (s, YH. 
CH,),1.50(hr.8H;CH,),1.60(br.16H;CH,),2.12(s,12H:CH,),2.17(s. 
12H; CH,), 2.21 (s, 12H; CH,). 2.24 ( s .  12H; CH,),2.43 (hr, 16H; CH,). 
3.50-3.68 (signal group, 24H; CH,N, CH,O), 7.19-7.36 (signal group. 
5SH; 38H stopper, 16H wheel, 4H ter-axle), 7.45 (br, 2 H ;  NH-axle). 7.87 
(3". 2H. 'J(H.H) = 7.8 Hz; 3sb-wheel), 8.04 (s, 4 H ;  ter-spacer). 8.07 (s. 1 H ;  
3sb-wheel), 8.16 (s, 1 H ;  tBu-iso-wheel), 8.19 (s, 1 H ;  tBu-iso-wheel), 8.22- 
8.31 (signal group, 5 H ;  3 H  3sb-whee1, 2 H  tBu-iso-wheel). 8.38 (s, 1 H ;  NH 
wheel), 8.50 (d. 1 H, 'J(H.H) = 8.7 Hz; 3sh-wheel). 8.60 (d, 1 H, ,J(H.H) = 
8.7 Hz; 3sb-wheel), 8.65 (br, 2 H ;  NH-aliph.), 8.81 (s, I H ;  H tBu-iso-wheel), 
8.96(s, 1 H ;  rBu-iso-wheel), 9.18 (s. 1 H ;  NH-wheel),9.21 (s. 1 H ;  NH-wheel), 
9.84 (s, 1 H ;  NH-wheel), 10.05 (s, 1 H;  NH-whecl), 10.43 (s. 1 H: NH-wheel): 
I3C NMR (100.6 MHz, CDCI, + CD,OD. 20'C): ii =17.88. 17.98, 18.20, 
18.24, 18.40(CH3), 22.46, 22.61,25.93. 26.11 (CH,), 30.78 (CH,-rBu), 34.75 
(CH,), 34.99 (C,-tBu), 36 69 (CH,), 39.54 (CHIN), 44.70, 44.79 (C,-CY), 
49.33 (CH,N). 64.39 (C,-trityl), 68.02, 69.37, 69.70, 69.87 (CH20) ,  125.37. 
125.45, 125.76, 126.04, 126.95, 127.13, 127.25, 128.50, 128.56, 128.65, 128.75. 
128.80, 128.85, 130.22, 130.82, 131.10 (CH), 132.96. 133.40, 133.60. 133.88, 
134.47, 134.84. 134.91, 135.05, 135.26, 136.64, 136.67, 140.75, 141.44, 146.42, 
153.25, 153.37 (C,), 164.03, 165.29. 165.74, 166.54, 167.44 (CO); 
C,,,H,,~N,,Oi,S;8H2O: calcd C 73.53. H 7.02, N 5.04. S 1.92; found C 
73.25, H 6.62, N 4.67, S 2.47. 


12JRotaxane 20b: A solution of 18 (57 mg, 23.9 pmol) and sulfobenzoyl 
dichloride (19b) (239 mg, 1 mmol) in dry dichloroniethane (8 mL) was added 
a t  room temperature over a period of 2 h to P-"iphenylmethylaniline (6) 
(671 mg, 2 mmol) and triethylamine (0.28 mL, 2 mmol) in dry dichloro- 
methane (25 mL). After removal of the solvent the remaining rcsidue was 
purified by column chromatography (SiO,, dichloromethaneimethanol;di- 
ethyl ether 30:l :5; R, = 0.29). The resulting product was a mixture of ZOb 
and unconverted 18. [ZIRntaxane 20b could bc separated by HPLC on Euro- 
spher 100-Cl8 (liquid phase: C,H,OH). 22 mg (28% yield). M.p. 253- 
256°C; FABMS: m/z = 3223.1 [M+H]+ ,  2387.1 [ M + H  (hismacrocycle)]'; 
MALDI-TOF (9-NA): m/z = 3221.8 [M+H]+ ,  3260.7 [ M + K ] ' ;  (9- 
NA + Ag'): m/z  = 3329.2 [M+Ag]+;  ' H N M R  (400 MHz, [D,]DMF, 
20°C): J =1.44 (s, 18H; CH,-tBu), 1.53 (br, 16H; CH,), 1.64 (hr, 8 H ;  
CH,), 2.19 (s, 12H; CH,), 2.24 (s, 24H; CH,), 2.26 (s, 12H;  CH,), 2.35- 
2.58 (br, 16H; CH,), 3.30-3.69 (signal group, 24H; CH,N, CH,O), 7.05 (s. 
8 H ;  wheel). 7.09 (s, 4 H :  wheel), 7.11 (s, 4 H ;  wheel), 7.18-7.37 (m, 38H; 
stopper), 7.58 ("t", 1 H. ,J(H,H) =7.8 Hz; 3sb-axle), 7.88 (m, 2 H ;  3sh- 
wheel), 7.95 (d, 1 H, 'J(H,H) =7.8 Hz; 3sb-axle), 8.08 (s, 4 H ;  ter-spacer), 
8.21 (s, 1 H ;  tBu-iso-wheel), 8.21 (s, 1 H ;  tBu-iso-wheel), 8.23-8.33 (signal 
group, 7 H ;  2 H  3sb-axle, 2 H  fBu-iso-wheel, 3 H  3sb-whecl), 8.55 (d, 1 H, 
,J(H,H) =7.8 Hz; 3sb-wheel). 8.59 (br, 5 H ;  2 H  NH-aliph., 1 H NH, 2 H  
3sh-wheel), 8.85 (s, 1 H ;  tBu-iso-wheel), 8.88 (s, 1 H ;  tBu-iso-wheel), 9.15 (s, 
1 H ;  NH),  9.27 (s, 1 H ;  NH), 9.32 (hr, 1 H ;  NH), 9.91 (s, 1 H ;  NH). 10.09 ( s ,  
1 H ;  NH),  10.41 (s, 1 H; NH), 10.47 (s, 1 H ;  NH) ;  ' ,C NMR (100.6 MHz, 
CDCI, + CD,OD, 20°C): 6 =18.31, 18.40, 18.83 (CH,), 22.71, 22.86.26.19, 
26.34 (CH,), 31.16 (CH,-tBu), 35.27 (CH,), 39.84 (C,-/Bu), 40.26 (CH,N), 
44.84, 45.24 (C,-cy), 64.34, 64.55 (C,-trityl), 69.21, 69.72, 69.99, 70.13 
(CH,O), 118.93, 122.25, 125.58, 125.61, 125.74, 125.77, 125.94, 126.12. 
127.37, 127.44, 127.48, 127.67, 128.43, 128.45, 128.80, 128.92, 128.94, 129.09, 
130.91, 131.04, 131.19, 131.20, 131.75 (CH), 133.45, 133.72, 134.01. 134.76, 
135.08, 135.34, 135.66, 136.88, 138.47, 140.13, 140.72, 142.96, 144.32, 145.19, 
146.43. 146.48, 147.14, 148.89, 149.09, 150.22, 151.06, 153.56 (C,), 164.13, 
165.23, 165.47. 165.58, 165.88 (CO). 
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Coordinatively Unsaturated [Rh(L)(“bUS4”)]BF4 Complexes, Involving Neutral 
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Abstract: [Rh(H)(L)(“b”S,”)] complexes 


bis[ (2-mercapto-3,5-di-tert-butylphenyl- 
thio)ethane2 -1) catalyze the D,/H+ ex- 
change between D, and EtOH protons in 
the presence of catalytic amounts of 
Br~nsted acids. A mechanism and com- 
plete cycle for the heterolytic D, cleavage 
are proposed that are based on character- 
ization of key intermediates and monitor- 
ing of key reactions. The key intermedi- 
ates are the thiol hydride complexes 
[Rh(H)(L)(“””S,”-H)]BF,, L = CO ( 3 ) ,  
PCy, (4), the coordinatively unsaturated 
complexes [Rh(L)(“h”S4”)]BF4, L = CO 
(5), PCy, ( 6 ) ,  which are the actual cata- 
lysts, and the deuterium-labeled deriva- 
tives of 1-4. Complexes 3 and 4 form 
from 1 and 2 by protonation with HBF,, 
and they release H to give 5 and 6. Com- 
plex 5 dimerizes in the solid state and was 


(L = co (l), PCy, (2); ‘‘bus,”2- =1,2- 
characterized by X-ray structure dcter- 
mination of 5.8CH,C12 (triclinic space 
group P T ,  a = 1048.2(4) pm, b = 


1430.0(5) pm, c = 1785.7(7) pm, CI = 


100.49(3)”, p = 102.92(3)“; 7 = 103.68(3)”, 
Z = 1). Complex 6 is mononuclear and 
adds H,O or THF reversibly to give the 
highly labile [Rh(L)(PCy3)(“b”S,”)]BF,, 
L = H,O (7), THF (8). CO is irreversibly 
added to give the stable [Rh(CO)- 
(PCy,)(“b”S,”)]BF, (9), whose high-fre- 
quency v(C0) (2081 cm- I )  indicates a rel- 
atively low electron density at the Rh cen- 
ter. Complex 6 also adds to H, to give 4, 


Keywords 
dihydrogen activation * heterolytic 
cleavage - hydrido complexes . 
rhodium * S ligands 


which can be deprotonated by solid 
Na,CO, or H,O lo yield neutral 2. 
‘H NMR and 2H N M R  spectroscopy re- 
vealed the scrambling of thiol protons and 
hydride ligands in 3 and 4 and its deuteri- 
um-labeled derivatives. This exchangc of 
thiol protons for hydride ligands is ex- 
plained by a transient [Rh(q2-H,)] species. 
Low-temperature ‘H/’H NMR spcc- 
troscopy showed that protonation of 2 
yields four diastereoiners of 4 resulting 
from protonation of the four stereochemi- 
cally nonequivalent lone pairs at the thio- 
late donors of 2. The relevance of these 
findings to H, activation at transition- 
metal sulfur sites in hydrogenases or hy- 
drotreatment catalysts, and differences 
from the H, cleavage achicvcd with other 
complexes not containing “built-in” 
Brmsted-basic centers, are discussed. 


Introduction 


Activation of H, by transition-metal complexes can occur by 
homolytic or heterolytic cleavage of the H-H bond.“’ Homoly- 
sis is usually achieved by low-valent metal complexes whose 
metal centers have an increased oxidation state after homolysis. 
Heterolysis, that is, the splitting of H, into a proton and a 


hydride ion, takes place at metal centers in medium or high 
oxidation states and requires the assistance of Br~nsted bases. 
Catalytic H, heterolysis is a reactivity feature of hydrogenases, 
which catalyze the redox equilibrium [Eq. ( 1  a)] and the DJH’ 
exchange reaction [Eq. (1 b)].[*. 31 These reactions are assumed 


[*I Prof. Dr. D. Sellmann, Dr. G. H. Rackelmann, Dr. t W. Heinemann 
Institut fur Anorganische Chemie der Universitdt Erlangen-Nurnberg 
Egerlandstr. 1, D-91058 Erlangen (Germany) 
Fax: Int. code + (9131)X57-367 
e-inail: sellmanniu;anorganik.chemie.uni-erlangen.de 


[**I Transition-Metal Complexes with Sulfur Ligands, Part 1%. Part 127: D. Sell- 
maim, T. Gottschalk-Gaudig, F. W. Hcinrmann, Inorg. Chin?. Actu. in press. 


to take placc at the metal sulfur sites of hydr~genases.‘~’ Equa- 
tion ( 2 )  suggests a mechanism for the heterolytic cleavage. This 


+H2 H -H+ 1- 


I H  1 1  I I 
M a M I = M H M-H =M-H (2) 


SI  S I  S I  S H S - H  
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comprises the binding of H, to a vacant coordination site on the 
active center, and the subsequent heterolysis of H, by the con- 
certed attack of thc Lewis-acidic metal and the Brsnsted-basic 
sulfur site. Coordinatively unsaturated complexes, q2-H,, thiol 
hydride, and hydride complexes have bccn proposed as key 
intermediates.". 51 The mechanism according to Equation (2) is 
plausible, but has never been provcd in detail. 


Dihydrogen activation by transition-metal sulfur sites is also 
a key feature of hydrotreatment catalysts based on transition- 
inctal sulfides. Hydrotreatment of petroleum is a high-tempera- 
ture and high-pressure process.['] The detection of SH groups 
on the surface of the heterogeneous catalysts[71 possibly indi- 
cates mechanistic relations between the high-temperature hy- 
drotreatment and the low-temperature hydrogenase reactions. 


Detailed insights into the mechanisms of hydrogenase and/or 
hydrotreatment reactions can be expected from transition-metal 


complexes that exhibit sulfur-rich coor- 
dination spheres and make it possible to 
trap key intermediates. Such complexes 
are extremely rare;t81 one example is thc 
rhodium complex [Rh(H)(CO)("buS,")] 
(1).r91 In the presence of catalytic 22'" 
amounts of Brunsted acids such as hy- 


[Rh(H)(CO)('h"S.+')l (1) drochloric acid, 1 catalyzes the D,/H+ 
exchange according to Equation (1 b), 


and it yields the deuterium derivative [Rh(D)(CO)(""'S,")] (1 a) 
from 1 and D,. These observations led to the suggestion of the 
reaction cycle for the D,/H+ exchange shown in Scheme 


cs.Rh/co VT 


1 


Scheme 1. D, 'H+ exchange catalyzcd by [Rh(H)(CO)("b"S,")] (1) in thc presence 
of catalytic amount? of hydrochloric acid 


With respect to the transition-metal sulfur site and DJH' 
exchange catalysis, 1 combines structural and functional fea- 
turcs of hydrogenase centers. Important key intermediates of 
the catalytic cycle, however, have not yet been identified. These 
are. in particular, thc thiol hydride species [Rh(H)(CO)('sb"S4''- 
H)] ' and thc coordinatively unsaturated [Rh(CO)("b"S,")J+, 
which is the actual catalyst for the heterolytic cleavage of the D, 


molecule. The investigations described here were aimed at the 
unambiguous proof of the existence of these species. The recent 
isolation of the PCy, derivative [Rh(H)(PCy,)("b"S,")J >['01 


which is less labiic than 1 and accessible from 1 and PCy, , made 
it possible substantially to corroborate the mechanism of 
Scheme 1. 


Results 


Protonation of [Rh(H)(L)(''b"S,")] and characterization of the 
resultant hydrido thiol complexes: Treatment of the hydrido 
complex [Rh(H)(CO)("buS,")J (1) and its PCy, derivative 
[Rh(H)(PCy,)("buS,")J (2) dissolved in CH,CI, with 1 equiv of 
HBF, in Et,O resulted in protonation of the thiolate donors. 
The resultant hydrido thiol complexes [Rh(H)(CO)(''buS,"- 
H)JBF, (3) and [Rh(H)(PCy,)("b"S4"-H)]BF, (4) both proved 
highly labile and will be described separately. 


Protonation of 1 by HBF, : The formation of the very tempera- 
ture-labile yellow [Rh(H)(CO)('Lb"S,''-H)]BF, (3) according to 
Equation (3) could be monitored only at temperatures below 


-40 'C. Above this temperature, 3 rapidly decomposed. 1R 
monitoring showed that the v ( C 0 )  band of 1 (2079 cm-') was 
replaced by the v(C0) band of 3 (2110 cm-') (Figure 1). The 
frequency shift of 31 cm-' corresponds with the v ( C 0 )  shifts 


0 i  11 
2600 1900 2600 1900 2600 1900cm? 


Figure 1. IR spectra of CH,CI, solutions (at -70'C) of a) [Rh(Hj(CO)("b"S,"j] 
(I) .  b) I after addition of 0.5 equiv of HBF,, and c) I after addition of 1 equiv of 
HBF, in CH,CI,. 


observed for [Fe(CO),(**S,")J or [Fe(CO)("Ni,S,")] ("S,"2 = 


1,2-bis(2-mercaptoph~nylthioethane~ ,"N,S,"Z = 2,2'-bis(2- 
mercaptophenylthio)diethylaminez-) upon protonation or 
alkylation of their thiolate donors.'"] The relatively weak and 
broad v(RhH) of 1 at 2003 cm-' was replaced by the v(RhH) of 
the resultant 3 at 1992 cm- I .  The v(SH) bond of 3 was detected 
at 2482 cm- I .  Evaporating the reaction solution to dryness led 
to partial decomposition of 3 even at - 50 "C. 


Monitoring of the reaction according to Equation (3) by low- 
temperature ( -  50 "C) 'H NMR spectroscopy showed that all 
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Figure 2. Hydride resonances in the 
'HNMR spectra of a) [Rh(H)- 
(CO)("b"S:')] (1) and b) [Rh(H)- 
(CO)("b"S;-H)]BF. (3) in CD,Cl, 
at - 50 '"2. 


CH signals of 1 were replaced 
by new signals indicating the 
quantitative formation of 3. 
(The tert-butyl groups and the 
four aromatic protons of the 
''buS4"2- ligand in [M(L,)- 
(L2)("h"S,")] complexes are 
particularly sensitive probes 
for monitoring reactions by 
' H  NMR spectros~opy.[~~ lo]) 


The characteristic hydride 
doublet of 1 at 6 = - 9.44 
('J(RhH) = 12.8 Hz) changed 
to a broad unresolved signal 
at 6 = - 9.38 (Figure 2). 


Signals arising from SH 
groups were not detected at 
- 50 "C. The reason is certain- 
ly the broadness of the SH sig- 


nal due to exchange processes which arc described below for the 
variable-temperature experiments with the [Rh(H)(PCy,)- 
("""S,")] derivative 2. It proved impossible to investigate these 
assumed exchange processes with 3 by temperature-dependent 
'H NMR spectra, because decreasing the temperature below 
- 50 "C resulted in precipitation of 3, whereas raising the tem- 
perature above -40 "C led to decomposition of 3. However, the 
possibility that the signal at 6 = - 9.38 resulted from formation 
of a q2-H, complex was excluded. The signal intensity corre- 
sponded to one proton only. In addition, Tl time measurements 
at - 50 "C resulted in Tl = 2300 ms, which is typical of ql-hy- 
dride ligands and usually much too large for q2-H2 complex- 
eS,[ld. 12-14] 


Protonation of [Rh(H)(PCy3)("buS4")] (2): The hydride complex 
2 is significantly less labile than 1. The same holds for its proto- 
nated product 4, which could be obtained in solution at room 
temperature [Eq. (4)]. 


Addition of HBF, (in Et,O) to CH,CI, solutions of 2 at room 
temperature resulted in a color change from yellow to dark red. 
The IR spectra of these solutions exhibited a medium intensity 
band at 2459 cm-', assigned to v(SH). The v(RhH) band was 
observed at 2032 cm-' and is slightly shifted compared with 
that of 2 in KBr (2040 cm-I). Although it was less labile than 
3, 4 also decomposed slowly in solution, as indicated by the 
diminution of the IR bands over a period of 1-2 h. Removal of 
the CH,Cl2 solvent by evaporation resulted in a color change 
from red to deep violet. The remaining residue was character- 
ized as [Rh(PCy,)("h"S,")]BF4 (6) (see below). 


The 'H NMR spectrum of 4 recorded at + 30 "C in CD,CI, 
resembles that of 3 in CD,CI, at -50°C. In addition to the 


characteristic [Rh(PCy,)("h"S4")] signals indicating C, symme- 
try, the 'HNMR spectrum of 4 exhibits a broad signal at 
6 = -10.40 and an extremely broad signal at 6 ~ 5 . 5 .  The 
6 = -10.40 signal is slightly shifted when compared with the 
pseudo-triplet hydride signal of 2 at 6 = - 11.02 (Figures 3a  
and 3 b). 


-11 02 


CHzCI, 


5 . 5  1 -10 40 


d L -  
b) +30 "C 


I 1  02 -1081 
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* 
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d) -90 "C 
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Figure 3. Details of the 'H NMR spectra of a) [Rh(H)(PCy,)("b"S,")] ( 2 )  (in 
CD,Ci,at + 30"C)and[Rh(H)(PCy,)("b"S,"-H)]BF,(4)at b) + 30'C,c) - 20'C. 
d) - 9 0 T  (in CD,CI,) (* = SH resonances; " = RhH resonances). 


The good solubility of 4 made it possible to record tempera- 
ture-dependent 'HNMR spectra down to -90°C. These re- 
vealed that the two broad signals at S = -10.40 and ~ 5 . 5  split 
into four signals each. (Likewise, the signals of the aromatic 
protons and the tert-butyl groups split into complex multiplets 
upon cooling.) At - 90 "C, the spectrum depicted in Figure 3 d 
results. The temperature dependence of the 'H  NMR spectra 
and the number, splitting, and intensity of the signals in Fig- 
ure 3 d suggest the following interpretation. The signals in the 
high-field region are assigned to RhH resonances. The splitting 
of these signals, which can be particularly well observed for the 
signal at 6 = - 10.87, is due to 'J(RhH) and 'J(PH) couplings 
that lead to pseudo-triplets. Four of these pseudo-triplets can be 
detected. They have unequal intensities, and they indicate the 
presence of four diastereomeric hydride complexes in different 
amounts. 


This interpretation is corroborated by the temperature depen- 
dence of the broad singlet at 6 ~ 5 . 5  (at + 30°C). This signal 
splits into four low-field signals in the range 6 = 5-12, which 
are assigned to SH resonances. The signal at 6 = 5.35 is 
isochronous with the solvent signal, but can be unequivocally 
recognized from the increase in intensity of this signal between 
the - 20 "C and - 90 "C spectra. The intensities of the four SH 
and four RhH resonances correlate and make it possible to 
conclude that four diastereomeric rhodium hydride thiol com- 
plexes are present. Integration of the respective signals (not 


~ 
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shown) gives a ratio of approximately 7:7:1:5 for these 
diastereomers. 


The formation of four diastereomeric rhodium hydride thiol 
complexes is explained by the C ,  symmetry of [Rh(H)(PCy,)- 
(L'b""S,'')] (2) and the stereochemically inequivalent four lone 
pairs at the two thiolate donors (see structure A). It has been 
shown previously that these lone pairs can be distinguished by 
their endo or exo orientation towards the [M(L,)(L2)("h"S,")] 
core.[15] Protonation of these four lone pairs results in four 
diastereomeric hydride thiol complexes, for example, structures 
B and C. Being diastereomeric, the hydride thiol complexes 
differ energetically, so they form in different yields. The 
'H NMR spectra reveal that the four diastereomers are inter- 
converted, to an extent that depends on temperature. 


The reaction sequence according to Equation (5) was corrob- 
orated by X-ray structure analysis of the binuclear [{Rh(CO)- 
("h"S,")}2](BF,), (5 ) .  Complex 5 was obtained in small 
amounts in the form of dark red single crystals from reaction 
solutions that had been stored at -30°C for one year. Com- 
plex 5 exhibits a core structure in which the dotted Rh-S dis- 
tances are significantly longer than the Rh-S distances with- 
in the [Rh(CO)("buS,")]+ 
fragments indicated in 


CH,Cl, solutions of 4, 


Equation (4), proved sig- 
nificantly more stable than those of 3. However, attempts to 
isolate 4 from these solutions by evaporating the CH,CI, led to 


7"' cs112+ 
structure D. (+ p.s"-- < -  


I 
obtained according to C s d  co D 


- -  
a rapid color change from red to deep violet and resulted in a 
deep violet residue that was identified as [Rh(PCy,)("""S,")]BF4 
(6). Its formation can be explained by a reaction between the 


according to Equation (6). 


,HH exo 


i+ SI l+ 
hydride and thiol protons of 4 and subsequent release of H, 


2 0  C / p <  1 har / -H1  - [Rh(PCy,)("h"S,")]BF4 (6) 4 
A B C CH2C12 6 


endo 


Characterization of the products resulting from decomposition of 
the hydride thiol complexes 3 and 4: Although to a dil'ferent 
degree, the CH,Cl, solutions of both 3 and 4 provcd tempera- 
ture-labile and released gas. The resultant products remaining in 
solution could be isolated and characterized. 


Whcn 1 equiv of HBF, was added to I in CH,CI, solution at 
room temperature, the solution immediately changed color 
from yellow to red and evolved ca. 1.8 cquiv of gas. The gas was 
identified as a mixture of H, and CO by gas chromatography. 
The samc reaction was observed when 1 in CH,CI, solution was 
treated with HBF, at -50°C and subsequently warmed to 
20°C. Evaporation of the solution to dryness yielded a very 
dark red residue that exhibited low-intensity v(C0) IR bands of 
residual CO groups, but had no rhodium hydride signal in the 
'H N M R  spectrum. These observations are compatible with re- 
action according to Equation (5). Complcx 3, resulting from 


Q S l+ 


Qs 1+ 


protonation of I ,  is unstable and releases H,. The resultant 
coordinatively unsaturated [Rh(CO)("hL1S4")]BF, is also un- 
stable, and releases CO, presumably to yield [Rh("h"S,")]BF,, 
which has not been characterized in detail. 


Complex 6 is readily soluble in common solvents except n- 
hexane, CCI,, and H 2 0 .  It could be characterized by IR, 'H, 
31P NMR, and mass spectroscopy, and by chemical reactions. 
The spectroscopic properties and chemi- 
cal reactivity indicate that 6 contains the 
C ,  symmetrical mononuclear and coor- 


dinatively ("buS,")]' cation unsaturated (E). For example, [Rh(PCy,)- the l'":.J Z' '... 


mass spectrum of 6 exhibited the [Rh- 
(PCy,)('Lh"S,")]i cation at  mjz = 915 
but no signals resulting from di- or 
polynuclear species. In the ' H N M R  
spectrum of 6, the four tert-butyl groups 
prove magnetically inequivalent and give rise to three signals in 
the ratio 2: 1 : 1 ; the four aromatic protons appear as four sin- 
glets. Thc 31P NMR spectrum shows one signal. Attempts to 
grow single crystals for an X-ray structural determination of 6 
were unsuccessful, so solid-state dimerization of 6 cannot be 
ruled out completely. However, molecular modcls show that the 
steric demands of the and PCy, ligands would strong- 
ly disfavor such a dimerization. 


The stabilization of the vacant site in coordinatively unsatu- 
rated 6 can be traced back to steric shielding by the PCy, and 
"huS,"2- ligands and, in addition, to S(thio1ate) + Rh x dona- 
tion. Stabilization of vacant sites by S'M x donation is docu- 
mented for numerous coordinativcly unsaturated 16-valence- 
electron complexes, for example [Cr(CO)3(S,C,H,)]2- or 
[Fe("N,S,")].[171 In 6, the vacant site is possibly further stabi- 
lized by agostic Rh . . HC(cyclohexy1) interactions. In fact, the 
'H NMR multiplet of PCy, appears at room temperature in the 
rcgion of 6 = 2.60-0.70, but splits when the temperature is de- 
creased to - 40 "C to give rise to a new signal at - 0.42 whose 
intensity corrcsponds to one proton. Stabilization of the vacant 
site by coordination of the BF, counterion could be ruled out 
by the IR spectrum of 6. It shows only one intense v(BF) band 
at 1060 c n -  typical of noncoordinated BF, .[ '*I 


[Rh(PCY,)('huS,' )I+ 
E 
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X-ray structure analysis of [{Rh(CO)("huS,")}2](BF4)2~ 
8CH2Cl, (5.8CHZCl,): The molecular structure of the 
[{Rh(CO)("bUS4")},]2+ cation ofS.8 CH,CI, is depicted in Fig- 
ure 4. Table 1 lists selected distances and angles. 


K 


e - z  


Figure 4. Structure of the [Rh(CO)("h"S,")]:i calion of S.XCH,CI, 


Tablc 1. Selected distances and angles in [{Rh(CO)("h"S")l JBF,),. XCH,Cl, 
(5.8 CH,CI,). 


Distances [pin] Angles ['I 


Rh(1) -S(1) 
Rh(1 )-S(2) 
Rh(l)-S(3) 
Kh( 1 ) -S(4) 
Rh(1) S(4a) 
Rh(l)-C(l) 
Rh(1)-Rh(1a) 
C(1) O(1) 


233.7(2) 
233 2 ( 2 )  
231.0(2) 
237.0(2) 
242.0(2) 
1Y 5.3 (6) 
349.0 (2) 
1 1 1 .0 (8) 


S(l)-Rh(l)-S(2) 
S( 1)-Rh( 1)-S( 7) 
S( l)-Rh(l)-S(4) 
S(2)-Rh(l)-S(3) 
S(2)-Rh( 1)-S(4) 
S(l)-Rh( 1)-S(4a) 
Rh(I)-S(4)-Rh( la) 
S(1)-Rh(1)-C(1) 


x7.05 (6) 
9 1 3 6  (6) 


178.?7(6) 
89.36(7) 
93.71 (6) 
92.66 (6) 
93.56(6) 
84.6(2) 


The complex 5 is the first [{M(L)("b"S4")},] complex whosc 
molecular structure could be determined by X-ray crystallogra- 
phy. The [{Rh(CO)("h"S4")}2]2t cation of 5 consists of two 
enantiomeric [Rh(CO)("b"S4")]f fragments and posscsses 
crystallographically required inversion symmetry. (According 
to the previously published stereochemical analysis of 
diastereomers that result from dimerization of chiral 
[M(L)("S,")] fragments, the dication of S represents the u,u- 
E( R S )  diastereomer.[ ')I) 


Within each [Rh(CO)("huS4")]' fragment, the distances be- 
lween rhodium and nonbridging S donors, for example Rh(1)- 
S(l), Rh(1)-S(2), and Rh(l)-S(3), are nearly identical ((Rh- 
S)av = 232.6(2) pm) and are typical of Rh-S (thioether or 
thiolate) distances.[*". '01 The distances from rhodium to the 
bridging thiolate donors S(4) and S(4a) are significantly elongat- 
ed (237.0(2) and 242.0(2) pm). The magnitude of these elonga- 
tions contrasts with those found in most [(M(L)("S,")),] com- 
plexes of the parent ligand "S4"z -, which usually exhibit only 
slightly elongated M-S(thio1ate)-M bridges.[")] While the 
shorter Rh- S(bridge) distance (237.0 (2) pm) can be traced back 
to the bridging function of the respective thiolate donor, the 
longer Rh-S (bridge) distance of 242.0(2) pm certainly indi- 
cates steric repulsion between the two [Rh(CO)("h"S,")]+ frag- 
ments and a tendency of the dication of 5 to dissociate into 
monomers. 


These results also support the assumption that the 
[Rh(PCy,)("b"S,")]+ cation in 6 is mononuclear. When coni- 
pared with the structure of 5, the PCy, ligands of6 recognizably 
increase the steric repulsion disfavoring dimerization. The long 
Rh(1)-C(l) (195.3(6) pm) and short C(1)-0(1) (1 11.0(8) pm) 
distances o f 5  are also noteworthy. They indicate little Rh -+ CO 
n: backbonding, and explain the ready dissociation of CO from 
5 [cf. Eq. (5)]. 


Coordination of H 2 0 ,  THF, and CO to (Rh(PCy,)("h"S,")IBF, 
(6): Complex 6 readily adds a sixth ligand such iis L = H 2 0 ,  
THF, or CO. The reactions are made visiblc by the color change 
of CH,CI, solutions of 6, which turn from deep violet to red 
when L is added. The addition of H,O or THF is reversible and 
yields the labile complexes [Rh( L)(PCy,)("""S,")]R1;;, L = 


H,O (7) or THF (8), as set out in Equation (7). Evaporation of 


the resultant solutions regenerated deep violet 6 .  In contrast, 
CO adds irreversibly to form the stable CO complcx 
[Rh(CO)(PCy3)("b"S4")]BF4 (9). 


CD,CI, solutions of 7 exhibit a characteristic \*(OH) IR band 
at 3502 cm-'. The 'H NMR spectrum of7 in CD,C12 shows the 
typical pattern of the C, symmetrical [Rh(PCy,)("h"S,")]' frag- 
ment and, in addition, a broad singlet at S = 3.95 for the two 
H,O protons. The [Rh(H,O)(PCy,)(*'""s,")l' and [Rh(PCy,)- 
("""S,")]' ions could be detected in the mass spectra o f  the 
CD,Cl2 solutions. The ready coordination of H 2 0  by 6 was first 
noticed when elemental analyses of 6 were carried out. Correct 
elemental analyses could only be obtained for the adduct 
6,H,O. The ' H N M R  spectrum of thc analogous THF complex 
8 (in CD,CI,) revealed the typical two multiplets of THF at 
6 = 3.74 and 1.83 which are shifted slightly downfield in com- 
parison to uncoordinated THF (6 = 3.58 and 1.73). The CO 
complcx 9 was isolated in the solid state and charactcrized by 
elemental analyses and spectroscopic methods. Characteristic 
for 9 is its high-frequency v(C0) IR band at 2081 c n - '  ( i n  
KBr). 


Uptake and heterolysis of H, by 6 yielding [Rh(H)(PCy3)("""S,"- 
H)]BF, (4): Compound [Rli(PCy,)("""S,")]BF, (6) also adds 
H, , In this reaction the H, inolccule is heterolytically cleaved, 
and the hydride thiol complex 4 forms according to Equa- 
tion (8). Thc expcriment was monitored by 'H  N M R  spec- 
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troscopy. In a microautoclave, a CD,CI, solution of deep violet 
6 was treated with 100 bar of H, for 5h ;  a red solution resulted. 
The spectrum of this solution recorded at standard pressure 
proved the formation of 4 and minor amounts of by-products. 
When the reaction was carried out in the presence of solid 
Na,CO,, a yellow solution was formed that contained the neu- 
tral hydride complex 2. The formation of 2 is readily explained 
by deprotonation of the 4 that initially results [Eq. (S)]. 


Equation (8) suggests that the protonation of 2 by HBF, is 
reversible. This was examined and confirmed by an additional 
experiment showing that the red CH,CI, solution of 4 resulting 
from protonation of 2 by HBF, indeed yielded yellow 2 upon 
addition of solid Na,CO,. The protonation of 2 by HBF, could 
also be reversed by addition of H,O [acting as a Brernsted base; 
Eq. ( 9 ~ .  


(9) 


Scrambling of thiol and hydride hydrogen atoms in 
[Rh(H)(PCy,)("b"S,"-H))BF, (4) and [Rh(H)(CO)("buS,"-H)]- 
BF, (3): Intramolecular protonation of hydride ligands by thiol 
ligand protons is a reaction with very few precedents.['a. 8p,q1 


When this reaction is reversible, scrambling of thiol protons and 
hydride ligands can be expected. Such a scrambling was ob- 
served when the deuterium-labeled derivatives [Rh(D)(CO)- 


(1 a) and [Rh(D)(PCy,)("buS,")] (2a) of 1 and 2 were 
protonated with HBF,. Complex 2 a was obtained from I a and 
PCy, by a synthesis analogous to that of 2.['01 


The protonation experiments were monitored by 'H and 
'H NMR spectroscopy. CH,CI,, to which CD,Cl, had been 
added as internal integration standard for the 'H NMR mea- 
surements, served as solvent. For example, protonation of 2a by 
HBF, led to a shift of the 'HNMR deuteride signal to 
6 zz - 10.40 and a decrease in its intensity of approximately 
50%. Simultaneously, an SD signal of similar intensity ap- 
peared at 6 = 5.80 (Figure 5 ) .  The 'HNMR spectrum of the 
same sample after protonation revealed a broad RhH signal at 
6 = -10.40, which was identical to that observed for 
[Rh(H)(PCy,)("h"S,"-H)]BF, (4). The intensity ratio of this sig- 
nal to that of the aromatic protons was approximately 1 : 8 in- 
stead of 1 :4 as in 4. 


I I I I I I  
9 5 0 -5 -10 -13 ppm 


Figure 5 .  'H NMR spectra of a) [Rh(D)(PCy,)("""S")] (2 )  and b) 2 after addition 
of HBF, (in methylene chloride, + 20°C). 


These results unambiguously demonstrate that protonation 
of the deuteride [Rh(D)(PCy,)("b"S,")] (2 a) by HBF, results 
not only in formation of the expected [Rh(D)(PCy,)("bUS,"- 
H)]BF, but also in formation of deuterated thiol derivatives 
such as [Rh(D)(PCyJ)("b"S"-D)]BF, as well as hydrides such as 
[Rh(H)(PCy3)("b"S4"-D)]BF,. The formation of these species 
requires an exchange (scrambling) between deuteride (hydride) 
ligands and thiol protons (deuterons). 


DJH' exchange catalyzed by [Rh(PCy,)("b"S,")]BF, : [Rh- 
(PCy3)("b"S4")]BF4 (6) also catalyzes the D,/H+ exchange of 
Equation (10). In contrast to the D,/H+ exchange catalyzed by 1, 
which requires the addition of catalytic amounts of HBF,, the 
catalysis in Equation (10) did not require the presence of Brsnsted 
acids. This may be explained by the fact that 6 already possesses 
a vacant Rh site where D, may be added, whereas such a vacant 
site in 1 has first to be generated by attack of protons. 


6/THF 


CbDh 
EtOH + D, EtOD + HD 


The catalysis described by Equation (10) was monitored by 
'HNMR and 'HNMR spectroscopy and proved to exhibit a 
turnover number (TON) of only 7. This can be traced back to the 
relatively high stability of the hydride complexes 2 and 2a. In fact, 
although it remained low, the TON could be doubled by addition 
of less than 1 equiv of HBF,, which partially converts 2, via 
protonated 4 and release of H,, back into the catalytically active 
coordinatively unsaturated 6. 'H/'H NMR spectroscopy further 
revealed that the reaction solution to which no HBF, had been 
added contained a 3: 1 mixture of 2 and 2 a, but no 6. This demon- 
strates that both species 2 and 2a occur in the catalytic cycle and 
are more stable than coordinatively unsaturated 6. In contrast, 
the catalysis reaction solution to which HBF, had been added 
contained a mixture of 2, 2a, and the protonated or deuterated 
derivatives, that is, 4 and its deuterated analogues resulting from 
protonation of 2 and 2a. 


Summarizing discussion of the mechanism of the DJH' exchange 
catalyzed by [Rh(L)("b"S,")] ' complexes: The rhodium complex- 
es 1 and 2 have rendered possible the investigation of elementary 
reactions and the interception, isolation, and characterization 
of key intermediates of the D,/H+ exchange catalysis achieved 
with 1 and 2. [Rh(H)(PCy,)("b"S,")] (2), which is less labile 
than 1, in some cases allowed observations that were not pos- 
sible with 1. The results obtained for 1 and 2 supplemented each 
other, yielded insight into the molecular mechanism of dihydro- 
gen heterolysis at transition-metal sulfur sites, and allowed the 
D,/H+ exchange mechanism proposed for 1 to be described sub- 
stantially in detail.['] The detailed mechanism is shown in 
Scheme 2.  


The cycle starts clockwise with the coordinatively unsaturated 
species I. Species I could be characterized as [Rh(PCy,)- 
("b"S,")]BF, (6) and probably occurs also as [Rh(CO)("h"S,")]t, 
as indicated by the molecular structure of [ { Rh(C0)- 
("buS,")}2](BF4)2 (5) .  The next step is D, addition to I to give 11, 
which corresponds to M and X. These species are the only ones 
that could not be characterized, so it remains open whether 11, 
and VI and X, are actual intermediates or represent only transi- 
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VII 


Scheme 2 D,/Ht exchange cdtdly7ed by [Rh(H)(L)("b"S,")] (L = CO (1). 
PCY 3 ( 2 ) )  


tion states. However, the next species, 111, which corresponds to 
IX, V, and VII, could be proved to exist by the reaction of 6 with 
H, according to Equation (8). Species 111 releases its thiol 
deuteron, which exchanges with protons from EtOH. The ex- 
changeability of the thiol deuterons and the formation of neu- 
tral IV follow from Equation (8) (deprotonation of 4 by 
Na,CO,) and from Equation (9) (reversibility of protonation of 
2). Neutral IV has been isolated as [Rh(D)(L)("h"S,")] (L = CO 
(2a), PCy, (4a)). The protons from EtOH protonate neutral IV 
to give the thiol deuteride V. Species V, which corresponds to 
VII, 111, and IX, follows from the protonation experiments of 
[Rh(D)(L)("b"S,")] (L = CO ( l a ) ,  PCy, (2a)) with HBF,. The 
NMR results prove that thiol protons and hydride ligands are 
scrambled i n  [Rh(H)(L)("b"S,"-H)]BF, complexes. Proton/deu- 
teride scrambling leads from V to VII via VI. Species V1 corre- 
sponds to I1 and cannot be described in detail. The consccutive 
steps VII + VIII + IX -+ X --f I correspond to the steps 
111 + IV + V --f VI + I. Release of HD from V1 completes the 
cycle to reform I.  


The essential features of the catalysts and catalytic cycle are 
the Lewis-acidic vacant site at the rhodium center, the Brernsted- 
basic thiolate donors, and the reversibility of the individual 
reaction steps. Detection of the thiol hydride species 111, V, VII, 
and IX and the scrambling of protons and hydride ligands fur- 
ther strongly indicate that the heterolytic cleavage of H, at the 
rhodium thiolate sites proceeds by an intramolecular mecha- 
nism. Thus, all observations are compatible with the four-center 
heterolysis mechanism indicated by species H in Equation (1 1 ) .  


F G H 1 


Intcrmediate or transient formation of the q2-H, species G ini- 
tiates the interaction between the Rh- S site and the H, mole- 
cule and allows the scrambling of thiol protons and hydride 
ligands via rotation of the H, molecule. 


Alternative mechanisms that can be discussed for the scram- 
bling of thiol protons and hydride ligands all require additional 


assumptions and/or conflict with 
chemical experience. For example, 
the alternative of Equation (12) re- 


111 H 111 
Rh I = == Rh-H (12) 
I H  I I 
SI  SI ' S-H 


quires the extra assumption of an ox- 
idative addition of H, that, further- 
more, is less likely when the metal 


center is in medium or higher oxidation states. Another alterna- 
tive mechanism for the scrambling of thiol protons and hydride 
ligands by conversion of the hydride ligand into a (second) thiol 
proton [Eq. (13)] requires 
the formation of a Rh' 


[RhH(PCy,)("h"S,"-H')]+, y- Rh (13) 


("h"S,"-H,)]+ with a 
five coordinate Rh' center and an 18-valence-electron configu- 
ration would result. For Rh', however, square-planar four-coor- 
dinate complexes with 16-valence-electron configurations are 
favored. 


SI l+ s-2 + 


center. In the case of I In I 1  


I 
the complex [Rh(PCy,)- S--H S- H 


Relationships to other systems effecting heterolytic H, cleavage: 
Heterolytic activation of H, by transition-metal complexes is 
well documented."'] In many q2-H, complexes,[', 5c1 the q2-H, 
ligand is rather acidic and forms classical hydrides by proton 
abstraction through intermolecular attack of bases.['", I d ,  


When these reactions are reversible, D,/H+ exchange catalysis 
has been proved to occur too, for example, with Ru and 
0 s  porphyrinato complexes,[221 [Ir(bq)(PPh3)2(H)(q2-H,)1- 
SbF,,[''"] and [Ru(dppe)2(H)(q2-H2)]BF,.[2'a1 Assistance by 
bases has also been observed in hydrogenation reactions cata- 
lyzed by [Pd(salen)] .r231 The requirement for acids to achieve a 
D,/H+ exchange catalysis with the [Rh(H)(L)('cb"S,'')] com- 
plexes 1 and 2 is in merely superficial contrast to these findings. 
The acid is necessary only to generate vacant coordination sites 
at the Rh centers of 1 and 2, and heterolytic H, cleavage leading 
to subsequent DJHf exchange can occur because 1 and 2 have 
thiolate donors as "built-in" bases. 


Precedents for heterolytic H, cleavage by transition-metal 
centers carrying Brmsted-basic donors have been found in com- 
plexes such as [Ir(CH,)(I)(N(SiMe,CH2PPh,),)1[241 and 
[Ir(CH,)(PPh2){N(SiMe2C2PPh2),}],[251 which contain amide 
and phosphide donors. These complexes, however, have not 
been reported to catalyze the D,/H+ exchange, which could be 
attributable to the fact that the amide and phosphide donors are 
stable only under aprotic conditions and not in H,O or EtOH. 


With regard to their transition-metal sulfur sites, the CpMo 
sulfide complexes reported by Rakowski Dubois et al. are more 
closely related to 1 and 2. Complexes such as [ (p-S2)(p-  
S),(MeCpMo),] add H, to give [(p-sH),(p-s),(MeCpM~)~]. 
This reaction involves the cleavage of an S - S bond and does not 
appear to be reversible.[261 It possibly comprises a reduction of 
the [Mo,(p-S,)] entity accompanied by protonation of the re- 
sulting p - S 2 -  ligands so that the reaction can be viewed as a 
coupled proton-electron transfer of the type proposed for Mo 
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enzymes.[271 This would also explain why no formation of M-H 
groups could bc found. 


Reversible H, uptake with formation of S-H and M - H  
groups has been observcd by Bianchini et al. with [ ( p -  
S), (Rh(triphos)),]2+.r2R1 This complex is also dinuclear and re- 
acts with H, to give [(p-SH),{Rh(H)(triph~s)]~]*+ (triphos = 


tris(methylenedipheny1phosphine)methane) , but the catalysis of 
D,.'H+ exchange has not been described. 


D 2 / H +  -exchange catalysis and hydride-thiol proton 
scrambling have been described by Morris et al. for 
[lr(H),(HS(CH,)3SH)(PCy3)2]BF,.[2y1 The mechanism pro- 
posed for the exchange processes compares with the one we have 
prcviously suggested for 1I9] and corroborated in this paper for 
1 and  2. The mechanism includes the intramolecular protona- 
tion of a hydride ligand by thiol protons and intermediate for- 
mation of an unobserved q2-H, complex. Disregarding the dif- 
ferent metals and ligands and stressing the transition-metal 
sulfur sitc, 3. 4, and [Ir(H),(HS(CH,),SH)(PCy,),lBF, exhibit 
thc same reactivity. The complexes differ in that 3 and 4 made 
possible the isolation of the neutral hydrides 1 and 2, and also 
of the coordinatively unsaturated key intermediate [Rh(P- 
Cy3)("h"S,")]BF, (6) as thc actual catalyst for the D,/H+-ex- 
change catalysis. In this context, reference should be made to thc 
pyridine-2-thiolate and quinoline-8-thiolate (quS) ruthenium 
and osmium complexes reported by Morris and co-work- 
crs.''P.ql For example, [Os(H)(CO)(quS)(PPh,),] results in 
[0s(g2-H,)(CO)(quS)(PPh3),] ' and the tautomeric hyride thiol 
complex [Os(H)(CO)(quS-H)(PPh,),lf, which are in tempera- 
ture-dependent equilibrium. This equilibrium is explained most 
plausibly by hydridc-thiol proton scrambling. Release of H, 
from these complexes leads to complete decomposition of the 
samples. 


Catalysis of heterolytic H, cleavagc is one of the characteris- 
tic reactivity features of hydrogenases whose active centers con- 
tain nickel-iron sulfur or iron sulfur sites. The physiological 
rolc of hydrogenases is the catalysis of the 2 H +  + 2e-=$H, 
redox equilibrium [Eq. (1 a)], but the D,/H+-exchange catalysis 
is ii suitable test reaction for determining the relevance of tran- 
sition-metal complexes as models for hydrogenases. The 
[Rh(L)("b"S,")]' complexes contain the biologically irrelevant 
rhodium, but they featurc transition-metal sulfur centers that 
exhibit Lewis-acidic metal and Bronsted-basic thiolate sites. 
Thcse two properties have been found to be essential require- 
ments for the catalytic D2/H' exchange, so that the results 
obtained for rhodium sulfur sites may also hold for the nickel-- 
iron sulfur sites of hydrogcnase. 


Conclusion 


[Rh(  L)("b"S,")] + complexes featuring transition-mctal sulfur 
siies with vacant coordination sites a t  the metal and Brernsted- 
basic sitcs at the thiolate donors have been found to catalyze 
hcterolytic cleavage of dihydrogen and D 2 / H +  exchange under 
ambient conditions. Isolation and characterization of key inter- 
nicdiates such as the coordinatively unsaturated [Rh(L)- 
("""S,")] + species, the thiol hydride, and neutral hydride deriva- 
tives, and the observation of thiol proton and hydride scram- 
bling. have yielded a detailed insight into the mechanism of the 


heterolytic cleavage of dihydrogen at  transition-metal sulfur 
sites. The uptake of dihydrogcn by such sites probably proceeds 
via a $-H, complex which is a transient state only and re- 
versibly yields the thiol hydride species 


Experimental Section 


General: Unless noted otherwise, all reactions and spectroscopic measure- 
ments were clirried out at rooin temperature in freshly distilled solvents under 
an Ar atmosphere by standard Schlenk techniques. and the reactions were 
inonitorcd by IR or NMR spectroscopy as far as possible; solvents were 
distilled before use over the appropriate drying agents. IR spectra of solutions 
were recorded iii  CaF, cuvcttcs with compensation of the solvent bands; 
solids were measured as KBr pellets or  Nujol mull. Physical measurements 
were carried out with the following instruments: IR:  Perkin Elmer 983. 
Perkin--Elmer 1600 FTIR, and Perkin-Elmer 16PC FTIR. NMR:  Jeol FT- 
JNM-GX270 and '2x270. Jeol PMX 60SI. MS: Varian MAT 212. 


DCI (38% in D,O) was purchased from Fluka, HBF, (54% in ether) from 
Merck-Schuchardt, PPh, from Aldrich, and D, (99.9%) from Linde. 
RhC1,-3H20 was donated by Degussa. [Rh(H)(CO)(""""S,")] (I).'" 
[Rh(H)(PCy,)("""S~')] (2),""' and PCy,"ol were prepared as described in the 
litertiture. [Rh(D)(CO)(''buS~')].THF (1 b.THF)'"' was dissolved in ti-hexane 
and evaporated to dryness several times to remove residual THF, which is 
liable Lo influcncc protonation reactions with strong acids. "h"S,"-D2 was 
obtained from "h"S4"-H,["1 dissolved in a mixture of a tenfold molar excess 
of two deuterated hydrochloric acid ( 3 8 % )  and T H E  stirred for 2 11. and 
evaporated to dryness; this procedure was repeated three times 


Protonation of [Rh(H)(CO)("""S,")I with HBF, to form [Rh(H)(CO)('"'"S,"- 
H)IBF, ( 3 ) :  
ii) Motii/oring by ' I I N M R  .sp:ic/ro.scopy cit -50;C:  HBF, (3 pL, 
0.023 inniol) was added to a light yellow solution of 1 (15 mg. 0.023 mmol) 
in 0.7 inL of CD,Cl, at - 50 "C. ' H  NMR (269.6 MHz, CD,CI,): 6 =7.57 (s. 
2H.  C&J. 7.46(s, 1H.C6H,),7.37(s, 1 H, C,H2). 3.50(d, 1 H,  C2H,). 3.29 
(d,1H,C,H,) ,2 .70~2.53(m,lH,C,H,) ,2 .14~1.93(m,lH,C,H4),  1.56(s, 
18 H,  C,H,), I .32 (s. 9 H, C,H,), 1.26 (s, 9 H,  C 4 H , ) .  -9.38 (br s, 1 H. RhH) .  


h )  Monitoririg hj, I R  .specrroscopy and i.rolution of product.\ at -50 ' C: HBF, 
(6 gL, 0.05 ininol) wlis added to a light yellow solution of 1 (60 mg, 
0.10 mmol) in 3 mL of CH,CI, at -78 'C. The IR spectrum of the solution 
was recorded at -70°C and showed thi-ee characteristic bands in the v(SI1) 
v(CO)/v(Rhll) region a t  i; = 2482 cm- '  (vw (broad), r(SHj, [Rh(H)(CO)- 
('""'S4"-H)]BF4 (3)).  21 10 (s, l'(CO), 3). 2079 (s, y(CO), 1 j ,  2000 (vw (broad). 
Ls(RhH). 1 and 3). After 1 h at -78 'C, an additional 6 pL of HBF, 


dded, the IR spectrum was recorded (V = 2482 cm- '  (vw 
(broad). v(SH), 3). i = 2110 cm-' (vs, v(CO), 3 ) .  1992 (vw (broad). v(RhH). 
3)). 


c) Prolonulion ai iooni tenipwliturc'- HBF, (20 pL, 0.15 mmol) was added to 
a ycllow solution of 1 (100 ing, 0.15 minol) in 4 niL of CH,CI, at ambient 
Leniperalures. Gas was evolved. and thc coloi- of the solution changed to dark 
red. The gas was determined volumetrically with a gas burecte at 20 -C 
(0.28 mmol after 5 h) and identified as a mixture of H, and CO by gas 
chromatography. 


Protonation of [Rh(H)(PCy,)("b"S,")] (2) with HBF, forming [Rh(H)- 


a )  .Uo/iitorbil: by ' H  N M R  .specctroscopy nr irinperutzire,r he i , iwn + 30 -C m d  
-90-C:  HBF, (3 pL, 0.023 mmol) was added to a yellow solution of 2 
(23 mg, 0.023 mmol) in 0.7 niL of CD,CI, in an N M R  tube I H NMR spectra 
of the resulting dark red soliition were recorded at various temperatures. 
'H NMR (269.6 MHz. CD,CI,): + 3 0 ' C :  6 =7.50 (brs, 3H. C,N,). 7.37 (s, 
1H,C,H,).5.5(verybrs,1H,SH).3.37~3.20(m,2H,C2II,),2.60-0.72(m, 
33H.P~C,~f,,)3;2H,C,fi,:super1mposed), 1.59(s,9H.C4H,). 1.57(s,9H. 


, 9H,  C,H,). 1.28 (s, 9 H ,  C,H,). -10.40 (brs. 1H.  
b=7 .50(b r s ,3H,C ,H, ) ,7 .37 (~ .  1H,C6H, ) ,5 .5 (b r s ,  1H.  


SII), 3 27 (brs, 2H,  C,If,), 2.60-0.70 (m, 33H, P(C,H,,),; 2H,  C,H,: 
superimposed), 1.59 (s, 9 H 3  C,H,), 1.57 (s, 9 H ,  C,H,j, 1.31 (s. 9H,  C411y). 
1.28((.9H,C,Hy), -10 .30 (b r s , lH ,RhH) :  -20 'C:h=11.02(brs .0 .25H, 


(PCy3)("b"S,"-H)lBF4 (4): 
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S H ) ,  8.23 (brs, 0.05H. S H ) ,  5.87 (brs, 0.35H, S H ) ,  5.35 (brs, 0.35H, S H ) ,  
7.90-7.30 (m, 4H, C,H,), 3.35-(- 0.30) (m, 33H, P(C,H,,),; 4H,  C,lI,; 
superimposed), -9.89 (brs, 0.7H, RhH), -10.81 (brs, 0.3H. RhH);  
-90°C: 6 =11.67 (brs, 0.25H, S H ) ,  10.32 (brs, 0.05H, S H ) ,  5.90 (brs, 
0.35H, S H ) ,  5.35 (hrs, 0.35H, S H ) ,  7.90-7.10 (m, 4H. C,H,), 3.60- 
(- 0.80) (m. 33H, P(C,IIll),; 4H,  C,H,; superimposed), -9.75 (pseudo-t, 
0.35 H, RhH, 'J(RhH) = 'J(PH) = 12 Hz), -9.85 (pseudo-t, 0.35H, RhH. 
'J(RhH) = 'J(PH) =32 Hz), -10.34 (pseudo-t, 0.05H, RhH, 'J(RhH) = 


2J(PH) = 12 Hz), - 10.87 (pseudo-t, 0.25H. RhH, 'J(RhH) = 'J(PH) = 


12 Hz). 


h )  Monitoring I?? IR specirosrop)' and isolation q"[Rh( PCy, j ( "b"S,")jBF4 
( 6 ) :  HBF, (0.072 mL, 0.53 mmol) was added dropwise to a yellow solution 
of 2 (485 mg, 0.53 nimol) in 5 mL of CH,CI,. The resulting dark red solution 
revealed two characteristic IR bands at V = 2459 (w, v(SH)) and 2032 cm- '  
(w, v(RhH)) that slowly decreased in intensity in thc course of 1 h. After 1 h 
the solution was evaporated to dryness, and the resultant deep violet residue 
w d S  dried in vacuo. Yield: 520 mg 6 (98 YO). 'HNMR (269.6 MHz, CD,Cl,): 
6 =7.52 (s, 1 H, C,H,), 7.49 (s, 1 H, C,H,), 7.45 (s, 1 H. C,H,), 7.10 (s, 1 H, 
C,H,), 3.10 (d, 1 H, C,H,), 2.98 (d, 1 H,  C,H,). 2.95-2.82 (m, I H, C,H,), 
2.60-0.70 (m, 33H, P(C,H,,),; l H ,  C,H,; superlmposed), 1.66 (s, 18H, 
C,H,), 1.33 (s, 9H, C,H,), 1.28 (s. 9H. C,H,): "P[ 'H) NMR 
(109.38 MHz): 6 = 40.5 (d, '.I(RhP) =113.0 Hz); TR (CH2C1,): i = 
1060cm-' (vs (broad), v(BF)); MS (FD, CH,CI,): mlz:  915 ([Rh- 
(PCY,)("~"S,")]+), 887 ([Rh(PCy,)(+"'"S,''),]+). In the solid state (at stan- 
dard pressure), complex 6 was extremely hygroscopic and correct elemental 
analyses could only be obtained for the H,O adduct [Rh(H,O)(PCy,)- 
("b"S,")]BF, (7) (see text and below). C48H,,BF,PRhS,.H20 (1021.09): 
calcd C 56.50, H 8.04, S 12.50; found C 56.46, H 7.80, S 12.56. 


IRh(H20)(PCy,)("b"S,'')~BF, (7): H,O (0.93 pL, 0.05 mmol) was added to a 
violet solutioii of 6 (52 mg, 0.05 mmol) in 0.7 mL of CD,CI,. Spectra of the 
resulting dark red solution were recorded after 10 min. 'H NMR (269.6 MHr, 
CD,CI,): 6 =7.47 (s, 1 H, C,H,). 7.43 (s, 2H,  C,H,). 7.07 (s, 1 H, C,H,), 
3.95 (hrs, 2H,  H,O), 3.05 (d, I H ,  C,H,), 2.92 2.65 (in, 2H,  C,H,), 2.55-- 
0.70 (m, 33H, P(C,H,,),; 1 H, C,H,; superimposed), 1.65 (s, 18H, C,H,), 
1.30 (s, 9H, C,II,), 1.25 (s, 9H, C,H,); 3'P(1H} NMR (109.38MHz, 
CD,CI,): 6 = 31.6 (d, 'J(RhP) = 105 Hz); IR (CD,Cl,): 3 = 3502 cm- ' (m 
(broad), v(OH)), i =1620cm-' (m (broad), &OH,)), 1061 (sst (broad), 
r'(BF)); MS (FD, CD,CI,): mjz: 933 ([Rh(H,0)(PCy,)("b"S4")]+), 915 
([R~(PCY,)("""~")I+). 


[Rh(THF)(PCy,)("b"S,")IBF, (8): THF (3.0 pL, 0.038 mmol) was added to a 
violet solution of 6 (38 mg, 0.038 mmol) in 0.7 mL of CD,Cl,. A ' H N M R  
spectrum of the resulting dark red solution was recorded after 10rnin. 
'HNMR (269.6 MHz, CD,CI,): (5 =7.53 (s, 1 H, C,H,), 7.49 (s, 1 H,  C,H,). 
7.44 (s, 1 H, C,H,), 7.10 (s. 1 H, C,H,), 3.74 (brs, 4H,  C,H,C,H,O), 3.20- 
2.85 (m, 3 H ,  C,H,), 2.55-0.70 (m, 33H, P(C,H,,),; 1 H, C,H,; superim- 
posed), 1.83 (brs, 4H,  C,H,C,H,O), 1.64 (s, 18H. C,H,), 1.32 (s, 9H. 
C,H,), 1.18 (s, 9H,  C4H,). 


IRh(CO)(PCy,)("b"S,")IBF, (9): CO was bubbled through a violet solution 
of 6 (100 mg, 0.10 mmol) in 10 mL of CH,C1, for 3 min. The resulting orange 
solution was evaporated to dryness, and the orange residue was dried in 
vacuo. Yield: 105 mg [Rh(CO)(PCy,)("h"S,")]BF,~0.5CH,C12 (98 %). 
'H NMR (269.6 MHz, CD,Cl,): 6 =7.48 (s. 2H,  C,H,), 7.41 (s, 1 H,  C J f , ) ,  
7.30 (d, 1 H, C,H,), 3.62 (d. 1 H, C,H,), 3.36 (d, 1 H,  C,H,), 3.07-2.93 (m. 
1 H. C,H4),2.63-2.48 (m, 1 H, C,H,), 2.47-0.85 (m. 33H, P(C6HI1),), 1.61 
(s, 9H,  C,H,), 1.59 (s, 9H, C,H,), 1.30 (s, 9H,  C,H,), 1.28 (s, 9 H ,  C,H,); 
''P('H] NMR (109.38 MHz, CD,Cl,): 6 = 46.3 (d, 'J(RhP) = 91.0 HL); 1R 
(KBr): i = 2081 cm-' (vs, v(CO)), 1059 (vs (broad), v(BF)); MS (FD, 
CH,CI,): n7/i: 943 ([Rh(CO)(PCy,)('"'"S,")]+), 915 ([Rh(PCy,)("h"S4")]+); 
C4,H,,BF,OPRhS,,0.5CH,C1, (1073.54): calcd C 55.98, H 7.81, S 11.48; 
found C 55.38, H 7.32, S 11.95. 


[Rh(H)(PCy,)('"'"S,")] (2) and [Rh(H)(PCy,)("""S,"-H)JBF, (4) from 6 and 
H,: Two samples of 6 (42 mg, 0.042 mmol) were dissolved in 0.7 mL of 
CD,Cl,; Na,CO, (3.60 mg. 0.042 mmol) was added to one of the resultant 
violet solutions (sample b), before both samples were placed in a microauto- 
clave at 100 bar H, pressure for 5 days. NMR spectra of the resulting red (a) 
and yellow (b) solutions were recorded, proving the formation of 4 together 
with small amounts of byproducts (a) and the quantitative formation of 2 (b). 


' H N M R  (269.6 MHz, CD,CI,): (a): 4. see above. (b): 0 =7.41 (d. I l l .  
C,H,), 7.33 (d, I H .  C,H,). 7.29-7.25 (m, 2H. C,H,). 3.17V7.00 (in. 2H. 
C2H4).  2.50-0.80 (m, 33 H, P(C,H, 2H. C,H,; superimp.). 1.63 ( c ~  9H. 
C,H,>), 1.61 (s, 9H,  C,H,), 1.30 (s. 9H.  C,H,). 1.29 (s. 9H. C,H,). ~ 11.02 
(pseudo-t, IH, RhH, 'J(RhH) = 'J(PH) = 13.1 HI). 


Monitoring the protonation of 2 with HBF, and the subsequent deprotonation 
with water by 'HNMR spectroscopy: HBF, (8.1 pL, 0.059 mniol) was added 
to a yellow solution of 2 (54 mg, 0.059 mmol) in 0.7 niL ofCD,CI, (a) .  The 
'HNMR spectrum ( +  20 C) of the resultant dark red solution provcd the 
formation of 4. Degassed H,O (10.8 pL. 0.60 mmol) was added to the solti- 
tion whose color turned from red to yellow. Altei- stirring for 10 min and 
separation of the CD,CI, and H,O phases. the 'H  NMR spectrum of the 
CD,Cl, phase revealed the presence of 2 and a n  additional signal at A = 5.09 
resulting from excess H,O. 


IRh(D)(PCy,)("b"S,r')J (2a): Solid PCy, (51 mg, 0.18 mmol) wi~s added LO ii 
solution O~[R~(D)(CO)(~ '~"S' ' ) ]  ( l a ,  120 mg. 0.18 mmol) in 15 mL ofri-hex- 
ane. Gas evolved. and the color of the solution changed from yellow to light 
orange. After 40 inin. the solvent was removed in vacuo. and the yellow 
residue was dried in vacuo. Yield: 170 m g  of 2a.0.5ri-hexane (98%)). 
' H N M R  (269.6 MHz, CD,CI,): 6 =7.41 (d. 1 H. C6/12) .  7.33 (d. 1 H. 
C,H,), 7.29- 7.25 (m, 2H,  C,H,), 3.17-3.00 (m, 2H. C,H,). 2.50 -0.80 (m. 
33H,P(C,H,,),;2H,C,H,;superimposed). 1.63(s.9H.C4H,). 1.61 (s ,9H,  
C,H,), 1.30 (s, 9H,  C411q), 1.29 (s, 9H.  C,H,); 'HNMR (41.25 MHr. 
CH,C1,):6 = -10.96(s. l D , R h D ) ; I R ( K B r ) :  5 =1460cm-' (w,l>(RhD)): 
C5,H,,DPRhS, (961.36): calcd C 63.72. H 9.02. S 13.34: found C 63.83. H 
8.95, S 13.39. 


Protonation of [Rh(D)(L)("b"S,")l complexes with HBF, monitored by NMR 
spectroscopy ' 
(1) lRl~(DlIP~.~,)I'""S,"I] 1 2 ~ ) :  HBF, (4 pL, 0.029 mmol) was added to 
a yellow solution of 2 a  (27 mg, 0.029 mmol) in 0.7 mL of CH,CI, and 3.2 ILL 
(0.10 nimol) of CD,Cl,. 'H and 'HNMR spectra of the resulting dark red 
solution were recorded. 'H NMR (269.6 MHz, CH,CI,, + 20 C): b =7.50 
(s, 3H. C,H,), 7.37 (s, I H, C,H,). -10.40 (brs, z0 .5H.  RhH); ,HNMR 
(41.2SMHz,CH,CI,):6=5.80(~, z0.5D.SD).  -10.40(s, -0.SD.RhD). 


h )  [ RhiD)(CO)("h"S,")] ( l a ) :  HBF, (4.7 pL. 0.035 mmol) was added to 
a yellow solution of 1 a (23 mg, 0.035 mmol) in 0.7 mL ofCH,CI, and I .  1 pL 
(0.035 mmol) ofCD,CI, at - 50 'C.  'H and 'H NMR spectra of the resulting 
light yellow solution were recorded. ' H N M R  (269.6 MHr, CH,CI,): 
6 =7.57 (s, 2H,  C,H,), 7.46 (s, 1 H,  C,H,),  7.37 (s, 1 H. C b H 2 ) ,  -9.40 (hrs. 
0.5H. RhH);  'HNMR (41.25 MHr, CH,CI,): 6 = - 9.40 (s, 0.5D, RhD). 


D,/H+ exchange monitored by the formation of EtOD from EtOH and D, in 
the presence of 6:  Two samples of complex 6 (30 mg, 0.030 mmol) were each 
dissolved in THF (0.93 mL) containing EtOH (0.047 mL, 0.79 mmol) and 
C,D, (0.023 mL, 0.24 mmol). HBF, (3.7 pL, 0.028 mmol) was added to one 
sample. The resultant red solutions were stored in a microautoclave under 
60 bar D, pressure for 3 days. After release of the D, pressure, yellow solu- 
tions were obtained. The amount of resultant EtOD in these solutions was 
determined by 'HNMR spectroscopy (6 = 3.58): C,D, (6 =7.15) served as 
an internal reference and as a standard for the calculation of the turnover 
iiumher (TON). The TON was 7 in the absence and 14 in the presence ot 
HBF,. Control experiments in the absence of 6 yielded no EtOD under 
otherwise identical conditions. The resultant reaction mixtures were identified 
by 'Hl'H NMR spectroscopy. The sample to which no HBF, had been added 
revealed the presence of [Rh(H)(PCy,)('h"Si')] (2) and [Rh(D)(PCy,)- 
("b"S,")] (2a).  The sample to which HBF, had been added contained 2. 2a. 
and protonated specics, that is, 4 and its deuterated analogues. 


X-ray structure analysis of ~(Rh(CO)("b"S,")},)(BF,), .8 CH,CI,, 
(5).8CH,CI,: Black single crystals (blocks) of 5.8CH2CI, were obtained 
from a solution of 1 (90mg, 0.135 mmol) in CH,CI, (3  mL) which h:id been 
combined with HBF, (18 pL, 0.135 mmol) at room temperature. and had 
subsequently been kept at - 30 "C for one year. Tdbk 2 contains selected 
crystallographic data for 5 . 8  CH,Cl,. A suitable single crystal of 5 . 8  CH2Clz 
was mounted on a Siemens P 4  diffractometer. Data were collected with Mo,, 
radiation (71.073 pm) in a 20 range of 3.0 to 54.0 with varying scan speed 
(3.00-29.30' inin-') with the w-scan technique. The structure was solved by 
direct methods (SHELXTL-PLUS),[321 non-hydrogen atoms were refined 
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Table 2. Selected crystallographic data for [;Rh(CO)("h"S;')l,I(BF,),.XCH,CI, 
(S-XCH,CI,) 


~~~ - - 


formula 
M, (gmol- ' j 
crystal size (mm'j 
crystal system 
space group 
(1 (pm) 
b (pm) 
c (pm) 
x (  1 
11 ( 1 
? ( )  
z 
V (nm3) 


F( 000) 
p (em-') 
T (10 
measured reflections 
independent reflections 
observed reflections 
refined parameters 
R1; wR2 (Oh) 


P . ~ ~ ~ ~  


C,"H,,,B,CI,,F,O,Rh,S, 
2180.65 
0.7 x 0.7 x 0.6 
triclinic 


1048.2 (4) 
1430.0 ( 5 )  
1785.7(7 j 
100.49 (3) 
102.92(3) 


1 
2.456(2) 
1.475 
1112 
9.95 
tXO(2) 
13564 
10754 
6679 
476 


P i  


103.68 ( 3 )  


0.0694; 0.2134 


with anisotropic thermal parameters, refinement versus FZ (SHELXL-93).[331 
Hydrogen atoms were localized in a difference Fourier synthesis and fixed at 
their positions with common isotropic thermal parameters. The crystal con- 
tained four molecules of CH,CI, per asymmetric unit, one of which was 
disordered. It was refined isotropically with split positions for one chlorine 
atom. The hydrogen atoms of the CH,CI, molecules were no1 found. Further 
details of the crystal structure investigation can be obtained from the Fachin- 
formationszentrum Karlsruhe. D-76344 Eggenstein-Leopoldshafen (Ger- 
many),  on  quoting the depository number CSD-404603. 
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Topologic Equivalents of Coronands, Cryptands and Their Inclusion Complexes: 
Synthesis, Structure and Properties of (2)-Metallacryptands and 
(2)-Metallacryptates** 
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Frank Hampel, Markus Teichert, Dietmar Stalke, Christian Stadler, 
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Abstract: The synthesis and structural 
characterisation of two dinuclear iron(n1) 
complexes are reported. The compounds 
of general structure [Fe,L:] [8; L' = 


dianion of 2,2'-dicyano-2,2'-isophthalo- 
yldi(isopropyldicarboxylate)] and 
[K c Fe,L;]+(PF,)- [lo; Lz = dianion of 
1 , I  '-(2,6-pyridylene)bis-l,3-(4-dimethyl)- 
pentanedione] are formed by the deproto- 
nation of ligands 7 and 9 with triethyl- 
amine and potassium hydride respective- 
ly. followed by addition of iron(m) chlo- 
ride and work up with water or aqueous 
potassium hexafluorophosphate. X-ray 
crystallographic studies reveal that 8 is a 


racemic mixture composed of triple heli- 
cates with (d ,d)- fbc and (A,A)7fuc config- 
uration at  the two iron bridgeheads. In 
contrast to  raceinic 8, the two iron centres 
in the meso-10 [(d,/l):fbc] have opposite 
configuration. Investigations of the re- 
dox-active iron centres in {2}-metal- 
lacryptand 8 and (2)-metallacryptate 10 


Keywords 
iron - metallacryptands - metalla- 
cryptates * self-assembly * structure 
elucidation 


by cyclic voltammetry show slightly dif- 
ferent behaviour. The peaks for the two 
consecutive reductions of the two iron 
centres of 8 can hardly be resolved, where- 
as 10 shows two well-separated peaks. 
Mossbauer measurements were per- 
formed on 8 and 10 between 4.2 and 
300 K, with and without a field applied 
perpendicular or parallel to the y-beam. 
All zero-field and 20 m T  spectra exhibit a 
broad and unresolved absorption pattern. 
Application of 5.3 T at  4.2 K results in 
well-resolved magnetic hyperfine patterns 
which are practically the same for 8 
and 10. 


Introduction 


The chemistry of coronands, cryptands and their inclusion com- 
plexes is extensively documented in countless monographs,"] 


and  communication^.^^^ Some years ago, we found 
that there exist {3)-metallacryptates 2, which are topologically 
equivalcnt to the (3)-cryptates I .[43 The metalla-topomers 
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[**I ('helatc Complexes. Part 9 ;  for Part 8 see ref. [7] 


2 essentially differ only in 
the substitution of the ni- 
trogen bridgehead atoms 
of 1 by metal ions in 2. An 
advantage is that the 13)- 
metallacryptates 2 are ob- 
tainable by spontaneous 
self-assemblyr6] in a one- 
pot reaction with yields of 


Recently, we were suc- 
cessful in obtaining the 
corresponding topologic 
equivalents 4 of the crown 
ether sandwich complexes 
3."' Therefore, we as- 
sumed that the use of suit- 
able tailor-made ligands 
would make available not 
only the {2)-cryptates 5, 
but also the corresponding 
topologically equivalent 
{ 2}-metallacryptates 6.18] 


about 80%. 


I 2 


3 4 
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M2+/ M3* 
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Results and Discussion 


In  order to test the above hypothesis, we added iron(ir1) chlo- 
ride and triethylamine to 2,2'-dicyano-2,2'-isophthaloyldi(iso- 
propyldicarboxylate) 7[93 lo] in dichloromethane as a one-pot 
rcaction. After aqueous work-up, we obtained dark red micro- 
crystals in a yield of 92'/0. Microanalysis and the FAB-MS 
spectra (FAB = fast atom bombardment) indicated that the iso- 
lated product is an iron chelate of the general composition 
[Fe,L:], formed by self-assembly (Scheme 1). 


X-ray crystallographic analysis of the molecular structure of 
complex [Fe,L:] (8)r111 revealed that 8 is a {2}-metallacryptand 
( = triple helicate)[I5] without any characteristic symmetry ele- 
ments (Figure 1). 


H n 0 ' 0  1. CH,C12, NEt, 
2. FeCI,, H,O / H+ 


7 8 


. 0 0  0 0  
R = 0-iProp 1 


3+ = Fe 


Scheme 1. Synthesis of metallacryptand 8. 


Each of the two iron centres (dFe-Fe = 709 pm) is octahedrally 
surrounded by six oxygen atoms. With octahedral coordination 
centres of the type of MA,B, [for bidentate ligands M(AB),], 
two pairs of enantiomers [(A)-,(A)-fac; (A)-,(A)-mu)] are pos- 
sible.[16] In the chiral, racemic complex 8 both iron centres are 
coordinated identically. Therefore, the {2}-metallacryptand is 
either a (A ,A)+c  or (A,A)-fac triple helicate. The crystals ob- 
tained (triciinic, space group P i )  are composed of the honiochi- 
ral {2}-metallacryptand 8. The donating power in the interior of 
the metallacryptand is insufficient for the complexation of alkali 
metal cations. Above all, the three hydrogen atoms in 8 are 
directed towards the empty cavity in the centre. 


In order to synthesise the topologically equivalent metal- 
lacryptate 6 in an analogous manner to  5 ,  we substituted the 
m-phenylene spacer for a m-pyridylene spacer. By deprotona- 
tion of 3,1'-(2,6-pyridylene)bis-1,3-(4-dimethyl)pentanedione 


H Rq R 1. 2. THF, FeCI, KH , 
\ 3. H20 / KPF, 


9 10 


[Kc Fe,L2,]PF, 


0 0  0 0  R = tBu 


= Fe 3+ (I .&yNJWR I L 2  
= K+ 


Scheme 2. Synthesis of mctallacryptate 10. 


(9)[173 with potassium hydride in THF, addition of iron(ri1) 
chloride and subsequent work-up with aqueous potassium 
hexafluorophosphate, we were able to  isolate rust-coloured 
microcrystals of general composition [K c Fe,L:]+(PF,) 
(10, Scheme 2). 


According to an X-ray crystallographic structure analysis," ' I  


10 is a C,,-symmetric { 2/-metallacryptate ( = metallapaddlane), 
an idealised view of which is shown in Figure 2. 


In the centre of the [Fe,L:] cavity of 10 is a potassium ion with 
ninefold coordination to six ligand oxygens and to  three pyri- 
dine nitrogen atoms; 3 molecules of solvent dichloroniethane 
are incorporated in the space between the individual molecules. 
A hexafluorophosphate ion acts as counterion and an addition- 
al solvent molecule is intercalated in the crystal lattice. Complex 
10 also crystallises in the space group P i ,  and the two iron 
atoms (dFe-Fe =715 pm) are octahedrally surrounded by six 
oxygen atoms. However, in contrast to racemic [ ( A , d ) - / ( A , A ) -  
jk1-8,  the two iron centres in mrso-10 [ (~I,A)~fiic] have opposite 
configuration (Figure 3). It is noticeable that the empty metal- 
lacryptand 8 forms a chiral triple helix, whereas the metal- 
lacryptate 10 is achiral. Further investigations are necessary to 
clarify whether there is a general relationship between the inclu- 
sion of cations and the stereochemistry of the cryptate. 


Cyclic voltammetry of the { 2)-metallacryptand 8 and the 
(21 -metallacryptate 10 under aprotic conditions['"] shows slight 
differences in the behaviour of the redox-active iron centres. 
Cyclic voltammograms of the metallacryptand 8 display a 
quasireversible, one-potential, two-electron transfer process 
(chart speed: 50 mVs-',  Figure 4a) .  The half-wave potential 
El , ,  = - 430 mV corresponds to  the redox process [FeY1L:]/ 
(FeYL:l2 - . However, thin-layer cyclic voltammograms at  chart 


speeds below 20mVs- '  show a weakly 
structured signal indicating a stepwise elec- 


1 


Figure 1. Stereoview of8 perpendicular to [he Fe- 
ornittcd for clarity). 


Fe axi: 


6 
; (hydrogen atoms and solvent molecules havc been 


tron transfer with a potential separation of 
approximately 60 mV (Figure 4b). Metal- 
lacryptate 10 undergoes two well-separated, 
quasireversible one-electron transfer pro- 
cesses (chart speed 50 mVs- I ,  Figure 4c). 
The half-wave potential EL;, = - 895 mV 
corresponds to  the redox process 
[Kc Fe:'L:]+/[K c Fe"Fe"'L:], whereas 
the reduction ' of [K c Fe"Fe"'L2 31 to 
[KcFe:L:]- occurs a t  = -1130 mV. 
This behaviour clearly demonstrates a sen- 
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a b 


L H, 


Flgure 2. a) View of 10 perpendicular to the Fe- Fe axis(hydrogcn atoms, counter- 
ion and solvent molecnles have been omitted for clarity). Iron: green, potassium: 
ycllow, oxygen: red, nitrogen: blue, carbon: grey. 


Figure 2. b) Stereoview of 10 perpendicular to the Fe- Fe axis, including the 
(PF,) counterion and dichloromethanc solvent molecules (hydrogen atoms have 
been omitted for clarity) 


Figure 3. Top- stereoview of 8 along the Fe Fe axis. Bottom: stereoview of 10 
dong the C, axis (hydiogen atoms, solvent molecules and counterion have been 
oiiiittcd for clarity) 


sitive dependence of the electrochemical properties on electro- 
static interactions which are increased by the inclusion of potas- 
sium in 10. 


Mossbauer measurements were performed on the { 2)-metal- 
lacryptand 8 and on the K+-{2)-metallacryptate a t  4.2- 
300 K with and without a field applied perpendicular (20 mT 
and 5.3 T) or parallel (5.3 T) to  the y-beam. All zero-field and 
20 mT spectra exhibit a broad and unresolved absorption pat- 
tern (Figure 5 a) due to (temperature-independent) spin-spin 
relaxation. Application of 5.3 T at  4.2 K results in well-resolved 
magnetic hyperfine patterns, which were analysed with the spin- 
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Figure 4. Cyclic voltammograms of a) the metallacryptand 8 (scan rate: 
50 mVs-') ;  b) metallacryptand 8 under thin-layer conditions (scan rate: 
10 mVs-I);  c) metallacryptate 10 in CH,CI, (0.1 M TBAHFP; scan rate: 
50mVsC') vs. Fc/Fc+. 
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Figure 5 Experimental Mossbauer spectra of 10, recorded at a) 4.2 K, 20 mT 17; 
b) 5.3 T l y ;  c) 5.3 K 11 y .  Solid lines result from spin-Hamiltonian simulations 
which used the parameters summarised in Table 1. 


Table 1. Spin-Hamiltonian parameters resulting from simulations of  5.3 T spectra 
( 1 1  and iy) of 8 and 10, recorded at 4.2 K. 


_ _ _ _ _ _ _ _ _  ~ ~ 


8 0.56 +0.13 0 0.35 -1.1 0 -18.7 -24.3 -22.7 2 
10 0.56 +0.10 0 0.35 -1.1 0 -18.9 -23.4 -21.8 2 


[a] Isomeric shift relative to a-Fe at room temperature (mmsC'). [b] Quadrupole 
splitting: sign corresponds to main compound of electric field gradient tensor 
(mms- '). [c] Asymmetryparameter ofelectric field gradient. [d] Line width at half 
height (mms-l) .  [el Zero-field splitting parameter (cm-I). [f] Rhombicity 
parameter. [g] Magnetic hyperfine coupling components (T). fi] g-Factors. 


Hamiltonian formalism (Figure 5 b,c) .[' 'I The hyperfine pat- 
terns of 8 and 10 are practically the same; this is also reflected 
by the spin-Hamiltonian parameters as summarised in Table 1. 
From the isomer shifts 6 and quadrupole splittings AEQ we 
conclude that each individual iron atom in 8 and 10 is hexacoor- 
dinated by oxygen atoms in a nearly perfect octahedral arrange- 
ment. The magnetic hyperfine patterns are successfully simulat- 
ed by neglecting exchange interactions between the iron(m) 
sites; this result is plausible considering the relatively large Fe- 
Fe distances. Obviously, the presence of potassium in 10 has no 
measurable effect on the local electronic structure of each of the 
two irons nor on the exchange interaction between them as 
compared to 8. 


Conclusion 


The importance of these results beyond this work is the realisa- 
tion that there exists parallel to the family of the classical crown 
ethers, cryptands and their complexes, a topologically equiva- 
lent family of metallacrowns, metallacryptands and their inclu- 
sion complexes. Their representatives are available in very good 
yields from one-pot reactions or in two steps respectively by 
self-assembly. 


Experimental Section 


Complex 8: Triethylaniine (0.83 mL, 6 mmol) was added to  a solution of 
ligand 7 (1.16 g, 3 mmol) in dry CH,CI, (100 mL). The mixture was stirred 
for 30 min at  20 "C. After addition of iron(II1) chloride (324 m_e. 2 mmol) the 
solution turned red. The mixture was stirred for 3 h at 20°C. followed by 
addition of water (75 mL). The two phases were separated, the aqueous layer 
extracted with CH,Cl, (3 x 50 mL), and the combined organic phases dried 
over anhydrous sodium sulfate. After filtration the solvent was removed. Red 
crystals were obtained by the diffusion of diethyl ether into a chloroform 
solution. Yield: 1.15 g (91 %); m.p .2250"C (decomp.); IR (KBr):  i = 2220 
(CN), 1590, 1560 (C=C) crn-l;  FAB-MS (3-nitrobenzyl alcohol matrix): 
rn/z =I305 (Fe2L:+2Na+),  1282 (Fe,L:+Na+). 1259 (Fc,Li+);  
C,,H,,Fe,N,0,8 (1258.81): calcd C 57.25, H 4.32, N 6.68; found: C 57.27. 
H 4.30. N 6.61 


Complex 10: Ligand 9 (994 mg, 3 mmol) was added to  a suspension of potas- 
sium hydride (241 mg, 6 mmol) in dry T H F  (100 mL) and thc mixture stirred 
for 15  min at 20°C. After addition of iron(rr1) chloride (324 mg, 2 mmol) the 
solution turned dark red. The solution was stirred for 4 h at 20"C, and then 
treated with aqueous [KPF,] (4.5 g, 24 mmol) in water (100 mL) .  The two 
phases were separated, the aqueous layer extracted with CH,C1, (3 x SO mL). 
and the combined organic phases dried over anhydrous potassium 
sulfate. After filtration the solvent was removed. Rust-coloured crystals were 
obtained by diffusion of diisopropyl ether and CH,Cl,. Yield: 926mg 
(72%); m.p.>250"C (decomp.); IR (CHBr,): i =1590. 1550. 1515 cm- '  
(C=O); FAB-MS (3-nitrobenzyl alcohol matrix): mlz  = 1138.0; 
C,,H,9F,Fe2KN,0,,P (1283.94): calcd C 53.32, H 5.42, N 3.27; found: C 
53.33, H 5.49, N 3.23 (K+cFe,L:) ,  808.9 (K+cFe,L:) .  
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