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CONCEPTS 


Trapping of Radicals in the Coordination Spheres of Metals 


Zhaomin HOU* and Yasuo Wakatsuki 


Abstract: The use of hexamethylphosphoramide (HMPA) 
or other sterically demanding groups as stabilizing ligands 
allows the successful isolation of a series of structurally 
characterizable complexes of ketyl radicals with alkali, al- 
kaline earth, and lanthanide metal. It has been demonstrat- 
ed that the stability and reactivity of the ketyl radicals 
strongly depend on both the nature of the metals to which 
they are bound and the steric and electronic properties of 
the ancillary ligands, as well as the structure of their parent 
ketones. 


Keywords: alkali metals * calcium * ketyl radicals * 


radicals * samarium 


The stabilization and isolation of inherently reactive organic 
fragments or reaction intermediates through binding to metal 
centers are of great importance for the mechanistic understand- 
ing of many important transformations, and are also a funda- 
mentally interesting component of the application of inorganic 
and organometallic reagents to organic synthesis. Ketyls, or 
radical anions of ketones, which are usually generated through 
one-electron reduction of ketones by reducing metals, are 
among the most important intermediates in organic chem- 
istry.['] Since their discovery in the last 
century,[21 these species have received con- 
tinuous attention as key intermediates in a 


which makes them difficult to isolate, structural information on 
these species was for a long time solely limited to spectroscopic 
data of specics generated in  sit^,'^] and structurally character- 
ized examples of ketyl complexes remained unknown until very 
recently. 


The most difficult problem in the isolation of a ketyl species 
is its rapid hydrogen abstraction and/or coupling reactions. In 
1995 it was found in our laboratories that the use of a sterically 
demanding samarium(r1) reducing agent, Sm(OAr),(THF), 
(Ar = C6H,-2,6-tBu,-4-Me), and a highly conjugated aromatic 
ketone, fluorenone, could sufficiently suppress these decompo- 
sition reactions of the generated ketyl species. With this combi- 
nation, thc first structurally characterizable metal ketyl com- 
plex 1 was successfully isolated as purple-brown crystals 
(Scheme I )  . I 5 ]  This complex possesses a distorted trigonal 
bipyramidal structure with one fluorenone ketyl and two ArO 
ligands at the equatorial and two THF ligands at the apical 
positions. When 1 was dissolved in hexane/ether, the two THF 
ligands were substituted by one molecule of OEt,, and the ketyl 
radical diinerized into a pinacolate (2) (Scheme 1). Thc newly 
formed C-C bond in 2, which was unusually long (1.613(9) A), 
could be readily broken to quantitatively regenerate the ketyl 1 
by dissolving 2 in THF (Scheme 1). This unequivocally demon- 
strates that the pinacol coupling process of a ketyl radical is 
completely reversible. Addition of 2 equiv of HMPA to a THF 
solution of 1 or 2 yielded the corresponding HMPA-coordinated 


ArO 
ArO. t OEtz 


ArO\ ,OAr 
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and Grignard reactions.r3J Sodium ben- 


est ketyl, familiar to almost every chemist 


tion of etheral solvents. However, owing 
to the extremely high reactivity of ketyls, 
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Scheme 1. The first structurally ChardCterizdbk metal ketyl complex t and its reactions. 
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Scheme 2. Isolation of alkali metal ketyls. 


ketyl complex 3 (Scheme 1) ,[61 Complex 3 was much more stable 
than 1, and no reaction was observed when 3 was treated with 
ether or hexane; this shows that HMPA is an excellent ligand for 
the stabilization of a ketyl species, probably owing to the strong 
coordination ability of the HMPA ligands. 


The use of HMPA as a stabilizing ligand was then applied to 
the isolation of alkali metal ketyls. Addition of 2 equiv of HM- 
PA to a green THF solution of sodium fluorenone ketyl yielded 
4 as brown blocks (Scheme 2).17] An X-ray analysis revealed 
that 4 is a fluorenone ketyl bridged dimeric sodium complex in 
which each sodium atom is also bound to two terminal HMPA 
ligands. When only 1 equiv of HMPA was used in this reac- 
tion, greenish-brown crystals of 5 were obtained (Scheme 2).  
Although its UV/Vis and ESR spectra in T H F  are very similar 
to those of 4, an X-ray analysis shows that 5 is a p,-ketyl- 
bridged tetrameric sodium complex with an Na,O, cubane core. 
Each Na atom in 5 is coordinated to one terminal HMPA Iig- 
and. The formation of 5 can formally be regarded as the dimer- 
ization of two molecules of 4 by removal of one of the two 
HMPA ligands attached to  each Na atom. It is surprising that 
this dimerization is not a pinacol-coupling of the ketyls, but 
aggregation of the ketyls through Na-O(kety1) interactions. 
This is in sharp contrast to what was observed in the case of the 
samarium ketyl 1 ,  which underwent pinacol coupling when the 
steric hindrance around the central metal was decreased.15] Re- 
action of the tetramer 5 with four or more equivalents of HMPA 
yielded only the dimer 4 (Scheme 2); a monomeric ketyl was not 
isolated. Reactions of lithium and potassium with fluorcnone in 
THF/HMPA also afforded the corresponding ketyl complex- 
es,L81 although some structural differcnces, which resulted from 
the differences in ion radii, were observed. 


Ketyl complexes 4 and 5 could also be obtained by reaction 
of the  pinacol6 with NaN(SiMe,), with C-C bond cleavage of 
the pinacolate intermediate (Scheme 2).17] This demonstrates 


1 + eauiv HMP 


6 


78% 


that deprotonation of pinacols followed by C-C bond cleavage 
of the resulting pinacolates might constitute a new method for 
the synthesis of ketyls. 


Through the use of HMPA as a stabilizing ligand, multi- 
(kety1)metal complexes, In which several independent ketyls are 
bound to the same central metal, could also be isolated. In the 
presence of 2 cquiv of HMPA, reaction of calcium with 2 equiv 
of fluorenone in THF gave the bis(kety1)calcium complex 7 
(Scheme 3) .[91 An X-ray analysis showed that 7 possesses a dis- 
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Scheme 3. Formation ofa  complex with two indcpendenc ketyl molecules bound to  
the central metal 
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Scheme 4 Formation and transformations of complex 9, which has three independent ketyl molecules bound to the central metal 


torted octahedral structure in which the two ketyls are mutually 
frans. Upon further reaction with HMPA, one of the two THF 
ligands in 7 was replaced by an HMPA ligand to give 8 
(Scheme 3). 


A similar reaction of samarium metal with 3 equiv of fluo- 
renone and 3 equiv of HMPA in THF afforded the tris(kety1)- 
samarium(1n) complex 9 as black-green blocks (Scheme 4) . [ 'O1 


This complex also possesses an octahedral structure in which the 
central Sm atom is coordinated in met- fashion by three fluo- 
renone ketyls and three HMPA ligands. Hydrolysis of 9 gave 
almost quantitatively the corrcsponding pinacol 6. Interesting- 
ly, reaction of 9 with 0.5 equiv of 6 resulted in the formation of 
a dimeric Sm"' fluorenoxide/pinacolate complex 10 and fluo- 
renone (Scheme 4). Further studies showed that 10 was formed 
by hydrogen radical abstraction from the pinacol6 by one ketyl, 
followed by pinacol-coupling of the other two ketyls together 
with simultaneous release of two HMPA ligands in 9 
(Scheme 4). I1 is noteworthy that the small steric change, which 
was caused by the formation of a bulkier fluorenoxy unit from 
its planar parent fluorenone ketyl, signicantly influenced the 
stability and reactivity of the whole molecule. In the case of 
complexes 4-8, such a reaction was not observed when they 
were treated similarly with 6; this indicates that the reactivity of 
a ketyl species is metal-dependent. 


Compared to fluorenone ketyl, benzophenone ketyl was more 
unstable and more difficult to isolate. Previous attempts to iso- 
late benzophenone ketyl complexes of titaniumr4" and lan- 
thanidesL5. 'I were unsuccessful, resulting in the formation of 


either coupling or hydrogen-abstraction products.[' 2.  ' 31 We re- 
cently found that, when sodium or calcium was used in the 
reaction with benzophenone in THF/HMPA, the corresponding 
structurally characterizable benzophenone ketyl complexes 
could be successfully isolated (Scheme 5 )  .[I4] The sodium ben- 
zophenone ketyl complex 11 adopts a similar dimeric structure 
to its fluorenone analogue 4, but the calcium benzophenone 
ketyl 12 possesses a trigonal bipyramid structure, which is in 
contrast to its octahedral fluorenone analogue 8. This result 
shows that benzophenone ketyl is sterically more demanding 
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0 THFIHMPA HMPA' >,HMPA N a +  C Na' 
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ph/ \Ph 80% HMPA' \o/ bHMPA 
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Scheme 5. Characterizable benzophenone ketyl complexes 
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Scheme 6. Synthesis of HMPA-free sodium fluorenone ketyl complex 13 
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than fluorenone ketyl, probably owing to the rotation of the 
phenyl groups. Similar to fluorenone ketyl complexes, the radi- 
cal carbon atoms in 11 and 12 are still in a sp2-hybridized state. 


Although the use of HMPA as a stabilizing ligand was a 
crucial factor for the isolation of a structurally characterizable 
metal ketyl complex in most of the above reactions, single crys- 
tals of thc HMPA-free sodium fluorenone ketyl complex 13, 
which possesses an Na,O, cubane core similar to that of 5, 
could also be obtained when an excess of fluorenone was used 
in the reaction with sodium in THF (Scheme 6).["] In contrast 
to the HMPA-coordinated ketyl5, two of the four Na atoms in 
13 are each terminally coordinated by a fluorenone and the 
other two Na atoms by a THF ligand. The Na atoms are also 
bridged in pairs by a THF ligand. The whole molecule can 
formally be viewed as a q '-fluorenone-coordinated ketyl dimer 
[Na(pz ,q 1-ketyl)(fluorenone)],[p2-THF] and a THF-coordinat- 
ed ketyl dimer [Na(pu, ,q'-ketyl)(THF)],[pz-THF] bound to one 
another through Na-O(kety1) interactions. The isolation of the 
ketone-coordinated ketyl complex 13 suggests that, in ketyl- 
mediated reactions, some substrates might approach the ketyl 
species through coordination to the central metal ion. When 13 
was allowed to react with an excess of sodium, the polymeric 
sodium fluorenone dianion complex 14 was formed 
(Scheme 6).r'51 


Closely related to ketyls, a benzoquinone radical anion com- 
plex 15 was recently isolated and structurally characterized 
by Takats (Scheme 7) .[I3] Isolation and structures of two 
azobenzene radical anion complexes, (Tp'"2)zSm(q2-NzPh2) 
and (C5Me,),Sm(q2-N,Ph,)(THF), were also reported by 
Takats[I3, 1 6 ]  and Evans,["] respectively. 


\ /  \ /  


15, red 
Scheme 7. TpMe2 = BH(3,S-dimethylpyra~olyl)~). 


I t  is now rather clear from the above studies that the stability 
and reactivity of ketyl radicals strongly depend on both the 
nature of the metals to which they are bound and the steric and 
electronic properties of the ancillary ligands, as well as the struc- 
ture of their parent ketones. It has been demonstrated that fine- 


+ 


14 
green 


tuning of these parameters could 
indeed control the stability and 
reactivity of these species. Since 
the structural studies of ketyl 
complexes are just beginning, 
and structurally characterized 
examples of these species are still 
very limited, isolation and struc- 
tural characterization of more 
and new ketyl complexes will 
continue to be of great impor- 
tance and interest. In particular, 
the isolation of structurally 
characteriz-able alkyl ketone 
and aldehyde ketyl complexes 
remains a challenge. 
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Organic Approaches to Endohedral Metallofullerenes: 
Cracking Open or Zipping Up Carbon Shells? 


Yves Rubin" 
Dedicated to Robert Curl, Hurrold Kroto, and Richard Smalley, 


who .share the 1996 Nobel Prize,for Chemistry for  their discovery of buckminsterfullerene 


Abstract: We have been investigating the synthesis of endo- 
hedral metallofullerenes since we successfully opened an 
orifice on the framework of C,, in the form of a cobalt 
complex having the metal sitting on top of the opening. 
A second approach aims at the synthesis of spherically- 
shaped acetylenic macrocycles, which are expected to rear- 
range to endohedral metal complexes of fullerenes in a 
controlled process analogous to the gas-phase coalescence 
of mono- and polycyclic polyynes during fullerene forma- 
tion by the graphite evaporation method. Since the poten- 
tial bencfits from obtaining endohedral metal complexes of 
C,, are enormous, both approaches are being actively pur- 
sued in our group. 


Keywords: alkynes - cobalt * endohedral metallofullerenes 
- fullerenes - macrocycles 


Introduction 


A particularly interesting and prolific topic of research has 
emerged from the discovery of the third form of carbon, the 
fullerene Unexpected and spectacular physical 
properties found for C,, have created a rush of research efforts 
in this area.['] In particular, C,, exhibits superconductivity 
in its alkali metal salts K,C,, (T, = I 8  K) and Rb,C,, 
(T, = 30 K),[*. 31 soft ferromagnetism (T, = 16 K) in the charge 
transfer salt with (Me,N),C=C(NMe,), ,[41 and a large third- 
order optical nonlinearity (x'~) = 7  x 10-"-6 x 


A potentially much richer variety of physical and chemical 
properties can be awaited from the incorporation of transition 
and other metals inside the empty cavity of fullerenes (cavity size 
2 3.5  A). The most desirable metallofullerenes are likely to be 
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those based on icosahedral C,, (1) because this high symmetry 
confers its special properties to the empty fullerene. Metallofull- 
erenes are presently difficult to prepare in pure form in quanti- 
ties greater than the A limitation of the graphite 
evaporation method used in these studies is that there is no 
control over molecular structure and size-selectivity. As a result, 
a lengthy separation of the various empty fullerenes {C60, C,, , 
C,, , C8,) and the endohedral complexes is required, and metals 
other than the lanthanides, Ca, Sr, and Ba do not get incorpo- 
rated. Representative metallofullerenes that have been charac- 
terized include La@C,,, LaGC,,, and Ln(iC,, (Ln = La, Y, 
Sc, Gd, Tm),'?] as well as fullerenes incorporating two or three 
metals (La,(iu,C,,,[*1 SC,@C,,,[~I Ce,(&C,,,['oI S C , @ C ~ ~ , [ ~ I  
SC,@,C,,,~~] and SC,(~C,,["~). Endohedral metal complexes of 
C,, have recently been extracted by aniline although they have 
not yet been characterized in pure form.["] 


The development of a general synthetic-organic approach to 
fullerenes[' 3 .  I 4 l  and their endohedral metal complexes should 
address the limitations of the graphite evaporation method. 
Greater versatility in metal incorporation is critical since transi- 
tion metals are especially attractive owing to their multivalences 
and varied spin configurations. 


Strategies 


Cracking open fullerenes: An immediate choice in an organic 
approach to endohedral fullerenes is to use the existing frame- 
work of empty fullerenes, especially that of C,,, to create an 
opening wide enough to allow a metal to pass through before 
closing it back.['51 One of our strategies considers a retro 
[2 + 2 + 21 cycloaddition reaction of a hexahydrofullerene such 
as 2 a  (C,,H,) affording the opened form 2 b  (Figure 1 A).[161 It 
appears from the energetics of this reaction, at least judged from 
MM 3, AM 1, and PM 3 calculations (Table I) ,  that substituents 
other than H will be required to obtain spontaneous ring open- 
ing.['?] However, representative strained systems like 3b-d un- 
dergo this transformation with low activation energies to pro- 
duce trienes 4 b-d, respectively (Figure 1 B).[18] 


The cavity created by the 15-atom opening in 2b, although 
significant, is not wide enough to allow a metal atom to pass 
through easily (Figure 2). However, this cavity can be enlarged 
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A. 


RRR RRR 


retro 1 ) Metal 
[*2s+n2,+,2,1 insertion 


2) Closure 


- - 
(e q 12+2+2] 


2 a , R = H  2b, R = H and oxidation) 1 
2a', R = Me Zb', R = Me 


3a, R = H 
3b, R = COzMe 
3c, R = CEN 


4 a , R = H  
4b, R = C02Me 
4c, R = C=N 


Figiire 1 .  A)  Conceptual representation of a possible way to open C,,, 10 foi-m 
endohedral metallofullerenes. B) Knowii retro [2 + 2 + 21 ring opening reactions in 
the strained 5ystenis 3b-d. 


Table 1 .  Relative steric energies (MM 3) and semiempirical heats of cnthalpy 
(Pbl3) for 2 a  c and 2a'-c'given in  kcalrnol-I [a]. PM3-calculated structures for 
2 a - c .  


Closed Five-open Six-open 


Structures (Ti,) M M  3 AM 1 PM 3 


R -= H 
2a (closed) 
2 b (five-opcn) 
2c (six-opuii) 


0 0 0 


+ 44.0 + 64.2 + 56.3 
+ 12.5 + 9.0 + 14.1 


R =w, 
2a' (closed) 0 0 0 
2 b  (five-open) +44.3 - 36.4 - 19.4 
2c' (six-open) + 21.4 + x.3  + 16.3 


[a] AM1 and PM3 scmiempirical methods in the Spartan 4.0 package for SCl 
computer. MM3 foi-ce field i n  the MacroModel V3.1 package (SGI). C.  Still, Co- 
lumbia University. 


Figure 2 Spacc-filling rcpresentiitions of the PM 3 calculated Ytructurcs of 2b and 
2b 


Y. Rubin 


through vibrational activation assisted by the intermediate com- 
plexation of the three HC=CH n bonds to a metal. Vibrational 
analysis of 2 b at  the PM 3 level gives a C,-symmetric low-fre- 
quency A ,  mode at  361 cm- '  which greatly expands its cavity. 
This calculation shows very nicely that a vibrational mode can 
expand the orifice to  a point that will allow the metal to slip 
inside the fullerene under proper thermal activation or  pressure. 
In addition, metals appear to  be strongly bound to  the inside 
fullerene surface;" 91 this should provide a thermodynamic in- 
centive for metal insertion. 


A considerably larger cavity can be obtained by replacing the 
hydrogens of 2b with more sterically demanding groups such as 
methyls in 2 b' (Figures 1 and 2) .[*'I Curiously, the calculations 
in Table 1 seem to give a wide margin for interpretation as to 
which trend the opening of this precursor will follow: will it be 
endothermic or exothermic? While ab initio methods correctly 
predict small differences in energies between the isomers of 
C,,H, or C,,(CH,), , they are computationally very demand- 
ing.["3 211 The PM 3 semiempirical method appears to give rcli- 
able results within + 2  k ~ a l r n o l - ' . [ ' ~ ~ ~ ~ ~  On the other hand, 
molecular mechanics methods tend to  overestimate van der 
Waals It seems peculiar that in M M  3 the 
opened forms 2b' and 2c' are considerably higher in energy than 
2a' since severe interactions between the methyl groups are 
present in the closed form. Presumably, M M  3 does not account 
properly for the distortions of the cage sp2 carbons in C,, 
derivatives. 


It can be safely assumed that the opened form 2b' will be 
formed from precursor 2a' with a large thermodynamic advan- 
tage. However, it is a considerable challenge to synthesize 
such a strained system, and more accessible compounds were 
sought first. A practical realization of the. retro [2 + 2 + 21 ring 
opening of a strained C,, derivative leading to a 15-mem- 
bered ring opening, albeit in a stepwise fashion, is related in the 
discussion section for compound 17. This is the first result in a 
project we anticipate will lead to the insertion of metals into 
fullerenes. 


Zipping up fullerene precursors: With a very differcnt approach 
in mind, we have tackled the total synthesis of endohedral 
metallofullerenes in a highly convergent manner, counting on a 
favorable multiple bond reorganization process in the critical 
step of synthesis to  form as many C-C bonds of the fullerene 
framework as possible (thus, the term "zipper") . L Z 2 ,  231 Carbon- 
rich acetylenic spherical macrocycles idealized by structures 5 
and 6, but also more stable precursors such as compounds 7,8 ,  
or 9, are expected to rearrange under flash vacuum pyrolytic 
conditions, or even in solution under metal catalysis, to the C,, 
framework by a thermodynamically favorable process in which 
highly energetic sp-hybridized carbons become sp2-hybridized 
(Figure 3). The P M  3-calculated conversion of the isomeric C,, 
cyclophane 6 to its isomer buckminsterfullerene releases an 
enormous amount of energy (A(AH;) = - 673 kcalmol-I, or 
- 11.2 kcalmol-' per carbon atom).[23",241 A metal guest in- 
cluded in the cavity of these precursors should be trapped endo- 
hedrally when rearrangement occurs. This strategy was inspired 
from the development of a clearer mechanistic picture for 
fullerene formation[2s1 established from drift-tube ion-mobility 
measurements in the groups of Bowers[2h1 and J a r r ~ l d . [ ~ ~ ]  These 
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((%OH,) 


II 
(ci-c60) 


AH< = 1485 kcallmol 


7 ;  A,B = leaving groups 
7a; A,B = H (CsOH18) 


Figure 3. Structures of the carbon-rich spherically-shaped fullerene precursors 
5-9. 


studies, following our first observations,[28] have shown that 
mono- and polycyclic polyynes anneal to the spherical fullerene 
frameworks under the thermal collisions conditions of “ion 
chromatography” (Figure 4). 


Figure 5 Representative bowl-shaped aromatic hydrocarbons prepared by FVP. 
Indicated yields are for the FVP step. 


Results and Discussion 


Cracking open fullerenes-“holey buckys”: The task of cracking 
open a fullerene carbon shell in a controlled fashion seemed 
hardly obvious until recently. A breakthrough was rcached 
when the group of Wudl observed that the enamine-like MEM- 
azafulleroid 11 (MEM = methoxyethoxymethyl) reacts in a 
[2 + 21 fashion with singlet oxygcn (‘OJ to form, via a dioxetane 
intermediate, the keto-lactam 12 having an 1 I-membered ring 
opening (Scheme 361 Taylor discovered a similar ring- 


Figure 4. Coalescence of mono- and polycyclic polyynes to buckminsterfullerene in 
drift-tube experiments. 


The excess of thermodynamic energy incorporated by design 
in precursors 5 and 6 contrasts with more “classical” routes 
currently being investigated in the groups of Rabideau, Scott, 
Siegel, and Z immer~nann . [~~  331 With the exception of Siegel’s 
approach, these methods require high kinetic energies (tempera- 
tures up to 1100°C) to form reactive carbene or radical 
centers as well as to bend planar polycyclic aromatic precur- 
sors in flash vacuum pyrolysis (FVP) reactions. Sizable bowl- 
shaped fragments of fullerene frameworks, for example, coran- 
nulene and the larger analogues shown in Figure 5, 
have been successfully prepared.[3 321 However, serious syn- 
thetic obstacles may be faced in completing the synthesis of 
C,, by this route in view of the scarcity of available material 
resulting from the low yields obtained in the FVP step (Fig- 
ure 5).[31’ 


MEM 


11 12 


Scheme 1 Wudl’s oxidation reaction of 11 leading to keto-liiutam 12 


cxpansion reaction in Ph,C,, undergoing spontaneous air oxi- 
dation to the bislactone 13 (13-atom orifice, Figure 6).[”’ 
Hirsch and others have subsequently carried out ring expan- 
sions from bisazide additions to C,,, affording 14-, 13-, and 
13-mcmbcred ring openings, respectively (14, 15a, and 15b, 
Figure 6) 


Our group has recently discovered the formation of the 
cobalt(Ir1) complex 17 resulting from oxidative insertion of a 
CpCo fragment into a single bond of the bisfulleroid 16 (Fig- 
ure 7) .[39,401 It is the product of an overall sequential triple 
scission of a 6-membered ring on C,, affording a 15-membered 
ring, whereby the retro [2+2+2] ring opening step in going 
from 16‘ to 16 is analogous to that hypothesized for C,,H, (2a, 
Figure 1 A).  Two of the three 5-membered rings surrounding 
this 6-membered ring open up at this step, while the last bond 
scission occurs during the cobalt-complexation step. 
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\ 
Ph' Ph 13 


,-x -.. 


14 15a, X = -CH$H2- 
15b, X = -C(C02Et)r 


Figure 6. Structures of the "holey" fullerenes prepared by Taylor,'"] Hirsch, Luh, 
and Chan.""] 


hv 
[4+41 


PhCl 
(quant.) 


= + - 


16' , 
retro 


t +[2+2+2] 


17 16 


Figurc 7 .  Synthehis of the cobalt(iii) complex 17. 


'The structure of complex 17 was confirmed by X-ray crystal- 
lography (Figure 8A). It shows that the cobalt atom is poised to 
insert into the orifice of  the fullerene, provided that the cy- 
clopentadienyl, or a much less strongly bound ligand, can be 
removed in the process. In addition, the space separating the 
two carbon atoms bound to cobalt is quite small (2.41 A). It will 
therefore be necessary to expand it by vibrational activation 
and/or the use of high 


An intriguing prospect arose upon consideration of the crys- 
tal packing structure of complex 17 (Figure 8 B) suggesting that 
crystal vibrations (along the horizontal axis) may add to inter- 
nal molecular vibrations to force the metal inside the fullerene 
with concomitant loss of the Cp ligand. To check this possibility, 
we have investigated the thermal behavior of compound 17 in 
the crystal by differential scanning calorimetry (DSC) . Remark- 
ably, this experiment shows that the complex is stable up to 
220 'C  (Figure 9A).  However, complex 17 starts polymerizing 
above 250 "C in the crystalline state. Milligram quantities of 
coinpound 17 were heated for prolonged periods below its de- 
composition temperature (220 "C up to 10 h per sample). Re- 
markably, practically no decomposition of  17 was observed, 
while no new compound could be detected. 


Figure X. A) X-ray crystal sti-ucture of complex 17 and B) its packing strncnirc 
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Figure 9. A)  Diffcrcntial scanning calorimetry (DSC) of' cobalt complex 17. 
B) LD-MS of cobalt coiiiplcx 17 obtained without matrix. 


On the other hand, laser desorption mass spectrometry (LD- 
MS) performed directly on compound 17 gives a peak corre- 
sponding to  Co(uIC,,H, at nijz = 831 (Figure 9 B). Whether the 
metal is endohedral or not needs to be determined. Interestingly, 
a fairly intense peak at  vzjz = 961 is observed for the parent ion 
with an additional Cp unit (Cp,CoC,,H,). This could be signif- 
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icant, since the additional C,H, unit may come from an adja- 
cent molecule of 17 in the crystal through a collision-activated 
reaction. 


Further efforts to induce the metal to insert inside the 
fullerene framework, such as changing the Cp ligand of 17 for 
a more labile system like the indenyl ligand, are currently under 
way. As things stand, the opening of fullerenes seems to be a 
very promising approach to endohedral metallofullerenes. An 
exciting prospect lies in the opening of an entire seam on the 
surface of C,, by a twofold application of the sequence of reac- 
tions that lead to the cobalt complex 17. We have already pre- 
pared the rearranged product 20a, although as a presently in- 
separable mixture with its diastereomer 20b (Scheme 2). Once 


c60 - 
Toluene, ref1 


(30%) 


P h 


19 
(diastereomeric mixture) 


Br 
111 


Br 
23 


cu‘+ 


) f Y  
1)Cu TIPS 


2) Bu4N+F 


. 


Scheme 3. Synthesis of the stable fullerene precursors 7a (C60H,8) and 7b 
(CwHAo). 


sized in a few steps from trisbromoalkyne 23 in sizable quanti- 
ties. The methoxymethyl-protected allylic alcohol (7 c) was pre- 
pared to study the conformational exchange process in this in- 
teresting helical 


TsOH, hv Ph Ph MALDI mass spectrometric studies on 7 a and 7 b give parent 


In this particular case, Bergman cyclization of the enediyne 
moieties must dominate the reaction pathway, which at first 
seems advantageous (Figure 10). Bergman cyclization of un- 
strained enediynes in solution occurs at relatively mild tempera- 
tures ( 2  180 “C, E, = 20-30 kcalmol-’).[471 We are currently 
attempting to trap the valence-saturated compound corre- 
sponding to intermediate 24. In the gas phase under the MALDI 
conditions, it is conceivable that stepwise rearrangement of all 
the enediyne moieties to 25 with subsequent radical recombina- 
tion can lead to 26 or a similar species with 1,2-shifted hydro- 
gens. The rigid species 26 is not likely to rearrange to C,, under 
the mild conditions of MALDI, because the required bond for- 
mations are severely hindered by its topology. It can be argued 
that thc poor tendency of the C,,H,, radical cation to lose 
hydrogen in the LD-MS experiments results from the formation 
of 26 or similar “locked” intermediates that are unable to “zip 
up” to the desired framework of c60,  itself known to give UP 
hydrogen very easily.[23a1 


of 7a  to C6, or 7b to C,, by flash vacuum pyrolysis or in 


. + ions showing surprisingly little propensity to lose 
Toluene, refl. 


20b 
(52%) 


20a 


j c p c O ( c 0 ) ~  


Ph 
* 


P 


21 22 
Scheme 2 .  On the way to opening a seam on Go. 


pure samples of 20a can be obtained, the biscobalt complex 21 
will be formed. w e  anticipate that the C=C bond separating the 
two 15-atom openings in 21 can be dihydroxylated and cleaved 
to a dicarbonyl which may be further transformed 
to the open system 22 or a similar wide-open “clam-shell” corn- 
pound. 


Various as yet unsuccessful attempts to effect the conversion 


Zipping up fullerene precursors- 
advances and prospects: The chal- 
lenging synthesis of acetylenic 
precursors such as 8 or 9 (Fig- 
ure 3) is currently being pur- 


~ 


H .  
cyclization + +  


/ / +  


Bergman 


sued .[43 ’I W e have recently 7 / \  5 ”L- H 
- -*- - ‘ H  


4 * H  
I 4 \\ // “ // 


prepared fullerene precursors less .+ 
. . 


or H H  
H H  / I  + H  


substituted at benzene-and 
therefore easier to access--name- .+ H H  
ly, compound 7a  (C60Hl,) and H H  


7b (C,4H30) (Scheme 3).[23a,461 7a (CsaHlEJ 24 H 


These compounds are synthe- Fgure  10 Concewable mtermedlates In the LD-MS of precursor 7a (C6”HIJ 
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solution with or without the presence of transition metals-in- 
dicate that the precursors may need to be better preorganized to 
undergo efficient cascade bond rearrangements to the desired 
fullerenes 


A suitable bond reorganization scheme for a n  intermediate 
(28) resulting from multiple Bergman cyclizations is represented 
by the Schlegel diagram in Figure 11 It necessitates the modifi- 


c60 28 


Figure 11. Schlegel diagrams of C,, and species 28 viewed down C,-axes. 


cation of one half of 7a, whereby the alkyne units connected 
directly to the top benzene (outermost bold ring) are replaced by 
ethylidene units (circled). This can be realized with the dibromo- 
olefinated precursor 27 (Scheme 4, Figure 12), which will be 
able to generate the required viiiylidene carbene units in the gas 
phase, in a stepwise fashion of course. 


Figure 12. I'M 3-miiiim1zed structure of precursor 27 
(C<>oHiaBrc,). 


It seems appropriate for the purpose of this 
article to look closer a t  a possible bond-for- 
mation pathway that may convert precursor 
27 to C,, (Scheme 4). It is based on relatively 
common mechanistic pathways for radicals 
and carbenes and it is made to proceed sym- 
metrically for easier visualization. Should the 
set of bond-formations occur as shown. it is 
readily apparent from the geometry of the 
intermediates that conversion to C,, will be 
greatly facilitated over that of precursor 7 a. 
The structures of Scheme 4 have close reac- 
tive centers at each step of bond formation. 
This set of rearrangements illustrates how the 
sequential formation of 27 carbon-carbon 
bonds in one transformation has the poten- 
tial to induce the extended system of 27 to 
"zip up" to the framework of C6,. 


Outlook 


There are many ways that one can approach the problem of 
endohedral metallofullerene synthesis. It is possible that the 
graphite evaporation method will ultimately allow the isolation 
of pure samples of C,, endohedral complexes. However, the 
novel approaches discussed in this article have the potential of 
providing easier and more practical access to a wide variety of 
endohedral metallofullerenes, especially those incorporating 
transition metals. The vision of reaping high benefits from this 
novel class of materials is a strong incentive to explore their 
preparation in any way possible. 


The incorporation of a transition metal into a fullerene pre- 
cursor in the form of a metallocene may help bypass the diffi- 
culties associated with the synthesis of large macrocycles. We 
have recently reported on this variation of the "zipper" strategy 
by targeting decaalkynylmetallocenes 29 (Scheme 5 )  .[23h1 These 
unknown derivatives of metallocenes are the required interme- 
diates for the preparation of the fullerene precursors (29, 
R = C-C-CH,X, where X is a leaving group) with molecular 
formula M C,,H,oX,, . 


Anion 30 can be generated in T H F  by halogen-lithium ex- 
change of the corresponding chloride.r23h1 Since our initial at- 
teiiipts to produce a decaalkynylmetallocene (29) were made 
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Scheme 4. A conceivable gas-phase rearrangement pathway converting compound 27 tu C,, under 
thermolytic conditions. Each step implies sequential rearrangements around the threefold axes of the 
intermediates, but only for easier visualiration. Structures were created by projection of'the corrcspond- 
ing valence-saturated systems minimized by MM 3. 
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M = Fe, Ru, 0 
~ Sn, Pb 1 
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Schcmc 5. Thc metallocene approach to  endohedral metallofullerenes 


with the TIPS-protected system (owing to the large stabilization 
provided by this bulky group), even large metals like Sn and Pb 
did not produce the metallocenes 29. However, we have verified 
the validity of this approach by treating anion 30 (R = TIPS) 
with [BrMn(CO),] to afford the half-sandwich complex 31 in 
good yield.[481 We are currently pursuing the synthesis of the 
decalkynylmetallocenes 29 with smaller silyl protecting group, 
as well as with the butadiynyl system (R = CrC-TIPS) .  


An exciting prospect which will be made possible by the 
methodology outlined in the preceding paragraph lies in the 
potential ability to  form very large porous carbon spheres called 
fullereneynes (Figure 13) .1491 These systems have fullerene 


C180(MCP)12 
(pentagons represent CpFe-Cp units) 


Figure 13. Structure of a dodecakis(cyclopentadieny1)iron complex of C,,, (left) 
and space-filling representation of fullereneyne C,,, (right). 


frameworks expanded by acetylene or butadiyne units, which 
create sizable holes in their structures. They should be ap- 
proachable by a stepwise coupling/cyclization strategy starting 
from differentially protected half-sandwich complexes 
analogous to 31 or  the corresponding pentaethynylmetallocenes 
(CpM[C,(C=-C-R),J), leading to the structure depicted in Fig- 
ure 13 (left). 


Even more intriguing is the possibility that the C I zn- 
fullereneyne based on the acetylene-expanded framework (more 
exactly a [SJradialene- [4]cumulene motif) may become the basis 
of metal-carbon frameworks in which the metal fills up its 
pores (e.g. C,,,Ni,,, Figure 24) in a manner analogous to the 
known tribenzo[l2]cyclynenickel(o) complex.[5o1 Such struc- 
tures may lead to a new family of conductors or superconduc- 
tors since the tribenzocyclyne complex is itself conducting.[5o1 


In view of the short but astonishing history of C,, and other 
fullerenes, endohedral metallofullerenes can only lead to re- 


Figure 14. Ball-and-stick and space-filling representations of a hypothetical 
fullereneynenickel(o) complex, C, 20Ni20 


newed discoveries, and perhaps to important technological ap- 
plications. There is a great opportunity for synthetic organic 
chemists to develop a practical synthesis of these compounds. 
By preparing either "holey" fullerenes with large cavities or  by 
synthesizing well-characterized precursors containing com- 
plexed metals, synthesis could be the key to  providing endohe- 
dral metallofullerenes in pure form with a large variety of metals 
inside. 
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Peptide Self-Replication via Template-Directed Ligation 


Kay Severin, David H. Lee, Jose A. Martinez, and M. Reza Ghadiri" 


Abstract: A 32-residue x-helical peptide 
with a sequence similiar to that of the 
G C N 4  lcucine zipper region is shown to 
catalyze its own formation by accelerating 
the amide bond formation of a 17-residue 
peptide, preactivated as a thiobenzyl es- 
ter, and a 15-residue peptide with a N-ter- 
minal cysteine. The self-replication pro- 
cess displays parabolic growth character- 


Introduction 


istics as revealed by a detailed kinetic nary complex of the product with both 
analysis. Control reactions with single- peptide fragments act(s) as the catalytical- 
mutant peptides strongly support a mech- ly active intermediate(s). Furthermore, 
anism in which a ternary and/or quater- these experiments reveal a remarkable se- 


quence selectivity, as evidenced by the loss 
of autocatalytic activity as a result of a 
single replacement of leucine or valine 
residues with an alanine at  the recognition 
interface. 


Keywords 
autocatalysis * coiled coil - kinetics 
peptides - self-replication 


In a distant future, i t  may be possible to construct complex 
molecular systems through se/f~instructeci nonlinear chemical 
processes. Such endeavors would first require the ability to ra- 
tionally design infhiut iot ial  sc.lf'rel,ro~luciiig cmclself'or.ganizirIg 
molecular systems. The design and study of self-replicating 
molecular systems is viewed as the first step toward these long- 
term goals and is expected to provide the vehicle for exploring 
such uncharted chemistry frontiers. Here we describe the design 
principles, the kinetic profile, and the molecular information 
transfer properties of the first self-replicating peptide structure. 


Molecular self-replication, in its most basic manifestation, is 
a reaction in which the product(s) functions as a specific catalyst 
for the reaction. Thus, self-replicating molecular systems are 
necessarily nonlinear chemical processes. They can exhibit vary- 
ing degrees of nonlinearity depending on the molecular nature 
and the complexity of the overall system."] In recent years a few 
intriguing examples of self-replicating molecular structures have 
been described.['] These primarily operate based on the well- 
defined pattern of hydrogen-bond donors and acceptors of 
nucleic acid base-pairing interactions. In contrast, the self-repli- 
cating molecular structure described here is the first example of 
a peptide-based replicator that utilizes a multitude of noncova- 
lent chemical interactions.[31 
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Results and Discussion 


Design Principles: As opposed to  nucleic acids, polypeptides arc 
not intrinsically self-complementary molecular structures. Ex- 
pression of the required complementary surfaces in self-replicat- 
ing peptides depends not only on the primary sequence, but also 
on its folded three-dimensional structure. Accordingly, our de- 
sign was based on a simple protein folding motif, namely, the 
a-helical coiled coil, for which the factors contributing to  the 
thermodynamic and kinetic stability of the helical ensembles are 
reasonably wel l -under~tood.[~~ 51 The most simple coiled-coil 
motif is made up of an identical pair of parallel a-helical pep- 
tides that wrap around one another with a slightly left-handed 
superhelical twist. The primary sequence of a coiled-coil peptide 
exhibits a heptad repeat (ahcclefg; see Figure 4) in which the 
residues at a and d positions constitute the primary interhelical 
recognition motif forming a specific (knobs into holes) hydro- 
phobic interfxe (Figure 1). Electrostatic interactions between 
the residues at  the e and g positions are thought to constitute a 
secondary level of molecular recognition.[51 Residues at  the b, c. 
and f'positions are exposed to the solvent and d o  not participate 
directly in the self-assembly of the coiled-coil structure and thus 


Figure 1 .  Schematic representation of the coiled-coil peptide structure employed in 
this study. Amino acid side chains are represented a s  balls. The hydrophobic core 
consists of alternating valine and leucine residues (darker gray) which show a knohs- 
into-holes type packing. 
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can tolerate a large variety of amino acid substitutions. The 
thermodynamic and kinetic stability, the aggregation state, and 
the relative orientation of the helical strands in such peptides 
have been shown to depend largely on the identity of the amino 
acid residues at  positions u and d. Certain amino acid substitu- 
tions at these positions can transform the two-stranded coiled- 
coil structure into three- or four-helix 


Monomeric peptide subunits of a coiled coil in aqueous solu- 
tions are typically random coils, but almost completely cc-helical 
in the aggregated state. Therefore, conceptually a given peptide 
subunit of a coiled-coil structure may be viewed as  the template 
that cooperatively directs the self-assembly and self-organiza- 
tion of the other strand(s). If so, it seemed reasonable that, given 
sufficient thermodynamic driving force, a coiled-coiled peptide 
subunit may also act as a template to organize two shorter 
peptide fragments onto itself (Figure 2). Furthermore, we 


Figure 2. Schcmatic representation of the minimal autocatalytic reaction cycle for 
the sclf-replicating a-helical peptide. 'The elcctrophilic and nucleophilic peptide frag- 
ments E and N are preorgdnized o n  the template T through interhelical hydropho- 
bic interactions forming the tcrnary complex TEN. Subsequent amide bond forma- 
tion gives an identical copy of the template itself, which then becomes part of the 
aulocatalytic cycle 10 promote I'urther peptide ligation. The following color code is 
used: hydrophobic residues are shown in green, positively charged residues are blue, 
whilc negatively charged residues arc red. The cysteine residue. critical for the 
ligation, is shown in yellow. 


hypothesized that peptide fragments that are equipped with ap- 
propriate reactive end groups should enjoy significantly higher 
coupling rates, due to  their close proximity and higher effective 
molarity when preorganized on the template strand.161 We envi- 
sioned that, if the reacting peptides are constituent fragments of 
the template sequence, the newly formed product will be an 
identical copy of the template itself, which sets up a new catalyt- 
ic cycle that further catalyzes the formation of more templates. 
Thcrefore, the template-directed catalysis (autocatalysis) cre- 
ates a positive feedback loop, which establishes the nonlinear 
growth profile of self-replicating molecular systems. 


The chemo- and regioselectivity in peptide fragment coupling 
is of paramount importance, especially when free peptides hav- 
ing reactive side chains are employed in aqueous solutions. Al- 
though a number of peptide fragment coupling strategies may 
be applicable in the self-replicating process, in the present study 
we chose to  employ the method of Kent et al. in which thc 
A'-terminal peptide fragment is preactivated as a thiobenzyl es- 


- 
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ter (electrophilic fragment E) and the C-terminal fragment is 
equipped with a free cysteine residue at  its N-terminus (nucle- 
ophilic fragment N) .['I Such a coupling strategy circumvents the 
need for addition of external coupling reagents to the reaction 
mixture. In addition, the coupling reaction becomes highly 
chemo- and regioselective in producing the desired amide bond 
at  the intended coupling site (Figure 3), because of the appropri- 


E 


HS. 


BnSH 


n 


Figure 3 .  The first step of the ligation is a transthioesterification between the acti- 
vated C-terminus of the clecti-ophilic peptide fragment E and the A-terminal cys- 
teine side chain functionality of the nucleophilic peptide fragment N. The interme- 
diate thioester rapidly rearranges to give the native arnide bond (the intermediate 
thioester has nevcr been observed during the course of the self-replication process) 


ate stability of the thiobenzyl ester in neutral aqueous solu- 
tions,as well as the greater nucleophilicity of the sulfhydryl func- 
tionality of the cysteine residue at  neutral pH as compared to all 
other side chain moieties. 


A 32-residue polypeptide, similar in sequence to  the coiled- 
coil a-helical domain of the yeast transcription factor GCN4,  
was chosen as the putative catalyst (template T) in the self-repli- 
cation process.[4i1 The sequence employed in this study differs 
from the natural sequence in six positions (Figure 4). The wild- 
type G C N 4  sequence contains a single neutral hydrophilic 
residue (Asn 16) in the hydrophobic core structure, which has 
been shown to exert a critical influence in limiting the aggrega- 
tion state of the peptide to  a parallel homodimer, while a t  the 
same time considerably reducing the thermodynamic stability of 
the coiled-coil s t r ~ c t u r e . ~ ~ ' ]  We felt that, unlike the full-length 
peptide, a short fragment would not be able to bury such a polar 
residue in the hydrophobic core and thus may not favor the 
forination of a productive template-peptide fragment complex. 
Therefore, the asparagine residue at the position 16 of the natu- 
ral sequence was replaced with valine. The consequence of this 
mutation is that the template can equilibrate between two- and 
three-stranded structures.[4f1 At first glance the occurrence of 
this additional species may seem to be a complication, but it may 
also be a productive situation since thc template dimer (TT) can 
potentially act as a catalyst in the ligation reaction (Figure 7).  
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Much of the side 
product was hydrolyzed 
thioester (Hyd) ( z 9 YO). 
The second major side 
product was a 
“branched” peptide 
(BR) formed in a trans- 
esterification reaction 
between the thioester E 
and the cystcine side 


E 


T 


NBnSH . . 


L29 


L29 


Figure 4. Helical-wheel diagram of the template peptide in the dimeric a-helical 
coiled-coil configuration emphasizing the heptad repeat motif (top). The interheli- 
cal recognition surface is dominated by hydrophobic packing interactions (positions 
u and d) and electrostatic interactions (positions e and g) .  Amino acids at positions 
h, I‘. and / l i e  on the solvent-exposed surface of the helical structure and do not 
participate in the molecular recognition processes. Arrows indicate the ligation site 
between a cysteine residue (N-terminus of the nucleophilic peptide fragment) and an 
alanine residue (as thiobenzyl ester activated C-terminus of the electrophilic peptide 
fragment). The following peptide sequences were employed in this study: 
Ar-RMKQLEEKVYELLSKVACLEY EVARLKKLVGE-CONH, (T), 
Ar-RMKQLEEKEYELLSKVACLEYEVARLKKLVGE-CONH, (TgE), 
Ar-RMKQLEEKVYELLSKVACLEYEVAREKKLVGE-CONH2 (T2J, 
Ar-RMKQLEEKAYELLSKVACLEYEVARLKKLVGE-CONH, (TgA), 
Ar-RMKQLEEKVYELLSKVACLEYEVARAKKLVGE-C0NH2 (TZ6*). 
Ar-RMKQLEEKVYELLSKVA-COSBn (E), 
Ar-RMKQLEEKEYELLSKVA-COSBn (EgE). 
H,N-CLEYEVARLKKLVGE-CONH, (N), 
H,N-CLEYEVAREKKLVGE-CONH, (NX6J.  
For consistency, residue numbering of the smaller fragments are the same as the 
template. The templates and the electrophilic peptide fragments were acylated a t  the 
N-termini with 4-acetamidobenzoic acid (Ar) to allow sensitive monitoring of 
product formation by HPLC. 


All other amino acid substitutions to the wild-type GCN4 se- 
quence were made to residues at the solvent-exposed surface of 
the helical structure and are not implicated in the molecular 
information transfer process. The amino acids at positions 17 
and 18 were chosen as the site for breaking the full sequence to 
form the electrophilic and nucleophilic fragments and were re- 
placed with alanine and cysteine residues, respectively. Further- 
more, in order to facilitate spectroscopic analysis of the reaction 
mixture, Glu 10 and Asn21 were replaced with tyrosine residues, 
and 4-acetamidobenzoic acid was coupled to the N-termini of 
the electrophile and the template. Aspartic acid residue at posi- 
tion 7 was changed to Glu to avoid possible side reactions dur- 
ing solid-phase peptide synthesis. The 15-residue nucleophilic N 
and 17-residue electrophilic E peptide fragments were derived 
accordingly from the template sequence (Figure 4). 


Peptide Self-Replication: Autocatalytic amide bond formation 
can be clearly established when reaction mixtures differing only 
in the initial concentration of the template are studied (Fig- 
ure 5 ) .  Increasing the initial template concentrations in other- 
wise identical reaction mixtures was shown to lead to a signifi- 
cant increase of the initial rates of product formation. Three sets 
of reactions were carried out starting with initial peptide con- 
centrations of [El = 185 VM and [N] = 179 VM and in the pres- 
ence of various amounts of template (0, 8, 28, and 5 3  VM).  


The present study complements our recent preliminary report 
in a number of ways.131 The self-rcplication studies were per- 
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Figure 5.  ’Template formation as a function oftime for reaction mixtures with initial 
concentration?[E] =185 KM,[N] - 1 7 9 p ~ , a n d [ T ]  = 0 ( ~ ) , 8 ( ~ ) , 2 8 ( o ) . a n d  53 p~ 
(0). Error bars reflect standard deviations of three independent runs. Curves were 
generated by nonlinear least-squares fit. The simulations are based on the reaction 
model described in thc text. The dashed line represents the calculated production of 
template in the absence of autocutalysia. 


were isolated and char- 
Figure 6. Reverse-phase HPLC reaction pro- 


acterized by file 70 min after initiation of the reaction. 
sDrav mass sDectrome- ABA denotes the internal standard 4-acet- 
1 ,  


try, and their physical amidobenzoic acid. N the nucleophilic pep- 
tide fragment, T the template, E the elec- 


properties were com- trophilic peptide fragment, and BnSH IS . .  
pared with authentic benryl mercaptan. The two minor side 


products-hydrolyzed electrophile and a 
(“branched’? thioester formed from T and In Order to es- 


tablish whether the BR E-are marked with an asterisk. 
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species can act directly as a catalyst for the reaction, despite its 
very low concentration during the course of the reaction. we 
investigated the reaction of the BR peptide with the nucleophilic 
peptidc fragment N. Thcse studies indicated that product was 
only formed in the presence of benzyl mercaptan suggesting the 
equilibrium shown in reaction (4) of Scheme 1, thus negating 
any significant catalytic role of BR in the self-rcplication pro- 
cess. Other minor side products (<  1 %) that were identified by 
liquid chromatography and mass spcctrometry werc the mixed 
disulfides formed between the template and benzyl mercaptan 
anti between the template and the nucleophile. 


There are at least six template-dependent pathways that 
might possibly contribute to thc autocatalytic process. The cru- 
cial intermediates of those pathways are schematically shown in 
Figure 7. Ligation via the ternary or quaternary complexes TEN 


a b 


TEN -- TTT TTEN - m 


C 


T E + N  - TT T E + N  - TlT 


w ----Ex3 N 


T N + E  -A TT l T N + N  - m 
Figure 7. Schcniiitic representation of plausible catalytically active interniediates 
which can contribute to the autocatalytic channel of template formation. Results of 
it 'mricty of'expcrimrnts suggest t h a t  only pathways a and h w e  active (see text). 


o r  TTEN (Figure 7a  and b) does involve molecular recognition 
o f  horh fragments. Therefore, these aggregates can be consid- 
ered as the "true" intcrmediates or the self-replication process. 
For the bimolecular, simply autocatalytic reactions proceeding 
through intermediates c -f, only one of the peptide fragments is 
siructurally organized on the template. 


Two types of control experiments were designed to rcveal the 
nature of the template-catalyzed process. In the first set of con- 
trol experiments two reactions, one with 13 % initial template 
and the other without, werc performed in the presence of 2 . 5 ~  
guanidinium hydrochloride in the reaction buffer. The chaotropic 
agent was expccted to denature the thermodynamically least 
slable template peptidc fragment(s) species, such as the ternary 
complex TEN, thercby abolishing any template-directed effect 
without affecting any functional groups present in the pep- 
tides that might somehow catalyze the ligation reaction. Fig- 
ure 8 shows the results of this experiment at an initial peptide 
Concentration of 190 KIM. As in the control experiment previ- 


451 


0 45 90 135 180 
Time (min) 


Figure 8. Template formation as  a function of time in thc presence (e) and absence 
(0) of 25 PM initial template. l 'he reactions were carried out in a buffered solution 
of2.5 M guanidinium hydrochloride. Production of template in the absence orgmni- 
diniuin hydrochloride without any added template is shown for reference (A). 1-he 
branched peptide BR was included as part of the template T. 


ously reported at 90 m ~ , ' ~ ]  there is very little difference in rate 
between the reaction with template compared to that without 
template- practically none when one accounts for the minute 
production of thc branched species. Furthermore, the rates of 
the reactions in guanidinium hydrochloride are similiar to  the 
calculated rate of the template-independent background reac- 
tion (see kinetic analysis). It is also noteworthy to point out that 
the sigmoidal growth (a characteristic signature of autocatalytic 
processes) that was so prominent in the experiments lacking 
guanidiniuin hydrochloride was lost. Therefore, it can be unam- 
biguously concluded that loss of template-assisted structural 
preorganization in the reaction mixture abolishes catalysis and 
that no unusual or fortuitous off-template catalysis is provided 
by the peptide side-chain functionalities in the primary step of 
thc fragment condensation process. 


The second set of control experiments was performed in order 
to determine whether the template-dependent channels c-f 
(Figure 7) contribute to the production of the full-length pep- 
tide. Two "crippled" peptide sequences were designed for use as 
templates in these reactions. The crippled peptide sequences 
differ from the original template sequence only in one amino 
acid position at  the recognition interface: a glutamic acid 
residue in place of Val9 (T9J and Lcu26 (TZLE) in the native 
sequence, respectively. The locations of these amino acid substi- 
tutions were chosen to correspond to the putative binding re- 
gions of E and N on the native template strand. Placement of a 
hydrophilic rcsidue inside the hydrophobic recognition interface 
ol' coiled coils is known to disrupt interhelical  association^.^^" 
Therefore, in the presence of a given crippled template the reac- 
tion can initially proceed only through pathways c-f, and thus 
their contributions to the overall self-replicating process can bc 
directly assessed. As shown in Figure 9 reactions initially con- 
taining 17 "/" mutant templates TgE and T26R had approximately 
the same rate of product formation as the rcaction with no 
initial template a t  all. Thus, any autocatalysis observed was 
derived from the normal template that was produccd in situ 
during the course of the reaction, and not from the mutant 
template that was initially present in the reaction mixture. These 
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Figure 9. Template formation as a function of time lor reaction mixtures initially 
containing 29 I.LM native template T (ej. 30 I.LM crippled template TVE (o) ,  2X I.LM 


crippled tcmplate T,,, ( 0 ) .  or no template at all (A). In the presence or templates 
with Glu mutations in the hydrophobic core. no significant rate-enhancement is 
observed 


experiments indicate that intermediates c--f (Figure 7) d o  not 
contribute significantly to the production of T and thus the 
self-replication process must indccd proceed through the inter- 
mediate(s) (such as a and b) in which both fragments are intcr- 
acting with thc template through specific hydrophobic packing 
interactions. 


Sequence Selectivity in Peptide Self-Replication: The abovc 
studies in the presence of crippled templates also suggest a high 
degree of sequence specificity in the self-replication process. In 
ordcr to more fairly probe thc sequence fidelity of the sclf-repli- 
cation process-the degree and preciseness of thc information 
transfer process-we prepared an additional clectrophilic (E9J 
and nucleophilic (NZ6J peptide fragment for our studies. Each 
of these fragments diffcrs from its corresponding native coun- 
terpart by a single, very “conservative” mutation in the hydro- 
phobic core (alanine in place of Val 9 and Leu 26, respectivcly ; 
see Figure 4). Two sets of rcactions were employed to assess the 
sequence selectivity issucs in the self-replication process. In the 
first set of reactions, the mutant fragment E,, and the native 
(nonmutated) fragment N were allowed to react in the presence 
of 15% TqA, 19% native template T, and in the absence of any 
added initial template. In the second set of reactions, the frag- 
ments E and N,,, were allowed to react in the presence of 41 YO 
T2,,, 19% native template T, and in the absence of any added 
initial template. Interestingly, none of thesc reactions displayed 
any significant template-assisted catalysis. The above studies 
clearly establish a remarkable sequence selectivity in the forma- 
tion of the (auto)catalytically productive intermediate complex- 
es and thus strongly suggest a high sequence fidelity in the pep- 
tide self-replication process. 


Kinetic Analysis: Simulations of the experimental data were car- 
ried out by means of the program SimFit (nonlinear fitting by 
dynamic simulations) .[’gl This program derives rate constants 
together with their errors by nonlinear curve-fitting. Following 
a general theoretical analysis of autocatalysis in sclf-comple- 
mentary systems,[lbl we focused on the minimal reaction model 


Scheme 1. Minimal reaction model for autocatalysi\ in self-coinpleinentnry sls- 
teins. 


depicted in Scheme 1. Reaction (1) reflects the template-inde- 
pendent background with the rate constant k ,  , ltssuming a 
simple bimolecular ligation. Reaction (2) rcflects the autocata- 
lytic channcl with the apparent rate constant k,. To account for 
the major side products, a pseudo first-order hydrolysis of E and 
a slow equilibrium between E, T, and BR wcrc included (reac- 
tions (3) and (4)). Approximations for the rate constants k ,  to 
k ,  were determined in scparate simulations including side prod- 
ucts and fixed to the following values: k3 = 2.4 x s - ’ ,  
k ,  =7.4x  1 0 - 2 ~ - ‘ s - 1 ,  and k ,  = 2 . 6 ~  10 - 2 M - 1 s . - I .  The ini- 
tial bcnzyl inercaptan conccntration was set to 1.6 n m .  


Of special intercst is thc reaction order p with rcspect to thc 
template, If we assumc that autocatalysis procceds through the 
ternary complcx TEN, that the conccntration of TEN is low in 
comparison to the concentration of the template dimcr TT 
(“product inhibition”), and that the rate-limiting step is the 
irrevcrsible reaction of TEN to form TT, then a reaction order 
of p = 0.50 is expected, giving rise to  parabolic growth of tem- 
plate (“square-root law”) .““] If, however, highcr order aggre- 
gates are involved (e.g. autocatalysis proceeds through the two- 
stranded a-helical template) or significantly higher 
concentrations of TEN are present (little or  no product inhibi- 
tion), p may have a highcr value: 0.5 <p( 1 (see Appendix). A 
priori it was hypothesized that the unique fcature of pcptide 
self-replication based on coiled-coil sequences may allow higher 
than parabolic growth of template. Figure 10 shows a plot of the 
reaction order against the goodncss of fit.[’’) The bcst fit is 
obtained for p = 0.63. This value is in accordance with thc 
mechanism shown in Figure 2, but also suggests a possible con- 
tribution from TTEN to the autocatalytic pathway. 


As outlined above, the reaction order as wcll as the autocata- 
lytic efficiency is strongly dependent on the relative thermody- 
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Figure 10. RMS value calculated with SimFit as a function of the rmction order p 
with respect to  the template. The minimum RMS value is obtained for p = 0.63. 







FULL PAPER M. R. Ghadiri et 31. 


namic stability of the ternary complex TEN with respect to the 
tcmplate dimer TT. Temperature is one of the parameters which 
is expected to influence the stability of these aggregates. There- 
fore another set of experiments was carried out a t  5 "C (similiar 
concentrations as in previous rcactions). At this temperature the 
peptide was still able to replicate (Figure 11). However, in com- 
parison to the experiments carried out a t  21 "C the rate enhancc- 
ment was slightly diminished (290% at 5 "C instead of 460% at 
21 "C for an initial template concentration of 55  p~). 
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Figure 11. Template formation as a function of time for rcaction mixtures initially 
containing 0 p~ (A), 9 PM (A),  27 PM (o), and 55 PM (0) of template at 5°C. Error 
bars reflect standard deviations of two independent experiments Curves were gen- 
emttd by nonlinear least-squares fit. The simulations are based on the reaction 
model described in the text. The dashed line represents the calculated production of 
template in the absence of autocatalysis. 


Simulations based on the reaction model depicted in 
Scheme 1 with the fixed rate constants k ,  = 6.2 x IO- 's- l ,  
~ , : = I . ~ x ~ O ~ ~ M - ~ S - ~ ,  and k , = 1 . 0 ~ 1 0 - * M ~ ~ s ~ ~  give also 
an excellent fit f o r p  = 0.63, suggesting no significant change in 
the reaction order p within our experimental error (Table 1). 


Table 1. Results obtained from numerical fittings of the experimental data accord- 
ing to the reaction model described in the text. 


that thc derived apparent rate constants are more reliable than 
the often difficult and inaccurate experimentally derived 
parameters for various plausible pathways/intermediates. 


Summary and Outlook 


This study describes the design and the synthesis of a self-repli- 
cating peptide together with a detailed kinetic analysis of the 
autocatalytic process a t  two different temperatures. Control re- 
actions in guanidinium hydrochloride solutions and with pep- 
tides having single amino acid mutations strongly support a 
mechanism in which a ternary and/or quaternary complex of the 
template with both peptide fragments act(s) as the catalytically 
active intermediate(s) . Furthermore these experiments reveal a 
remarkable sequence selectivity in the self-replication process : 
single alanine mutations at the recognition interface are suffi- 
cient to abolish autocatalysis. 


Characterization of the first self-replicating peptide sequence 
marks only the beginning of a research program aimed at the 
discovery and better understanding of self-organized nonlinear 
chemical systems. In the near future, the scope and limitations 
of the self-replication process as well as the behavior of multi- 
component autocatalytic systems need to  be explicitly ad- 
dressed. The results of several ongoing studies along these lines 
will be reported shortly. 


Appendix 


If the rate-determining step of the autocatlytic cycle is described by the 
transition of the quarternary complex TTEN to the template trimer TTT, the 
reactions (5) t o  (8) comprise the minimal reaction model. 


3 T  TTT K, (5) 


2 T  5 T T  K2 (6) 


T T  + E + N 5 TTEN K3 


TTEN i TTT k 


Under the assumption that the the equilibria ( 5 )  to (7) are fast in comparison 
to the irreversible reaction, the initial rate of template formation can he 
described by Equation (9). Using the explicit equations for the equilibria ( 5 )  


) RMS (%) d[T]/dt = k[TTEN] (9) j-( (3 P k ,  ( 1 0 - 2 ~ - 1 r - ' )  k ,  ( lo'M-"ip'sC' 


to (7) the concentration of TTEN can be expressed by Equation (10). If we 21 0.63 3.2 (k0.1) 11.9(f0.1) 3.60 
5 0 63 1.1 (kO.1) 1.9 (kO.1) 2.12 


Despite the remarkably good fit of the theoretical curves to 
the experimental data, it must be pointed out that the reaction 
models used are simpified representations of a potentially very 
complex kinetic system. Full modeling of this system should 
include a large number of equilibria between monomers and 
possible aggregates such as TT, TTT, TEN, and TTEN com- 
plexed with peptides in parallel and antiparallel orientations. 
Furlhermore, a full model should also account for side reac- 
tions, nonspecific association, and the fact that the ligation 
between the thioester and the nucleophilic peptide fragment 
is a two-step process. However, as pointed out by von 
Kicdrowski,[LhJ the advantage of empirical reaction models is 


[TTEN] = K ;  2'3 K ,  K ,  [El [N] [TTT]2'3 (10) 


assume that [El =[Elinit, [N] v[N],,i,, and [TTT] v 1/3[T],,i, (template trimer is 
the dominant T-containing species in solution and is the product-inhibited 
catalyst), the initial rate of template formation is given by Equation (11). 
leading to a reaction order of p = 2/3 with respect t o  the template. 


Experimental Section 


General: Dichloromethane (optima grade), dimethylformamide (sequencing 
grade), and diisopropylethylamine (peptide synthesis grade) were purchased 
from Fisher. Dichloromethane and dimethylformamide were dried over 
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4 8, molecular sieves and stored under nitrogen; diisopropylethylamine 
was either used from a newly opened bottle or distilled prior to use. The 
following chemicals were used as purchased: acctonitrile (Fisher), 4-acetami- 
dobcnzoic acid (ABA) (Aldrich), trifluoroacetic acid (New Jersey Halo 
Carbon), 2-(I H-benzotriazol-l-yl)-l,l.3,3-tetramethyluronium hexafluoro- 
phosphate (HBTU) (Richelieau Biotechnologies). 3-(N-morpholino)pro- 
panesulfonic acid (MOPS) (Fisher), benzyl mercaptan (BnSH) (Aldrich) 
2-(N-morphoEno)ethanesulfonic acid (MES) (Sigma), guanidinium hydro- 
chloride (Gnd.HC1) (Fisher), N,N-diisopropylethylamine (DIEA) (Fisher), 
thiophenol (Aldrich), 3-mercaptopropionic acid (Fluka), dicyclohexylamine 
(DCHA) (Fisher). All Boc amino acids were purchased from Bachem Califor- 
nia. Side chains of serine and glutamic acid were protected with o-benzyl, 
tyrosine with dichloroben7yloxycarbonyl, lysine with o-chlorobenzyloxycar- 
bonyl, glutamine with xanthyl, arginine with p-tosyl, and cysteine with p -  
methylbenzyl group. p-Methylbenzhydrylamine (MBHA, substitution = 
0.87- 1 .05 meq/g) resin was purchased from Novabiochem. Electrospray 
mass spectronictry (ES-MS) data were collected on a Sciex API 3 and Sciex 
APl 100 mass analyzers by direct infusion at 4 pLmin- I .  Liquid chromatog- 
raphy-mass spectrometry (LC-MS) expcriments were carried out by coupling 
the Sciex API 100 with a Hewlctt-Packard 1090 liquid chromatograph. 
'H  NMR spectra were collected on Bruker AM-300/AMX-500 spectrome- 
ters 


Synthesis of BOC-Ala-SCH,CH,CO,H:[lll 3-Mercaptopropionic acid 
(3.49 mL, 40 mmol) and DIEA (13.0 mL, 75 mmol) were added to a solution 
of BOC-Ala-OSu''Z' ( l o g ,  35 mmol) in CH,CI, (120mL). The resulting 
mixture was stirred a t  room temperature for 19 h. After evaporation of the 
solvent under reduced pressure, the crude product was dissolved in ethyl 
acetate (100 mL). The ethyl acetate layer was washed with 0 . 5 ~  citric acid 
(2 x 30 mL) and brine (1 x 30 mL), dried over sodium sulfate, and filtered. 
The solution was concentrated, and the resulting oil was dissolved in diethyl 
ether (70 mL) and crystallized upon addition of DCHA (3.42 mL, 28 mmol) 
and hexane. After recrystallization from hot ethyl acetate, the salt (13.2 g) 
was suspended in ethyl acetate (100mL) and DCHA was extracted with 
0 . 5 ~  citric acid (3 x 30 mL). Thc organic layer was washed with brine, 
dried over sodium sulFate, iind filtered. After concentration and freezing. 
BOC-Ala-SCH,CH,CO,H was obtained as a white solid (7g,  72%; 
m.p. =73-75"C). ' H N M R  (CDCI,); 6 =1.28 (d, 3H),  1.36 (s, 9H), 2.57 
(m, 2H).  3.02 (m, 2H) ,  4.07, 4.30 (2m, I H ) ,  5.29 and 6.64 (2m, 1 H). 
Enantiomeric purity was confirmed by mild hydrolysis (NH,OH, 3 h, 20 "C) 
and Marfcy's test."" 


Peptide Synthesis: All peptides were synthesized on a 0.5-1.0 mmol scale 
with MBHA resin using Boc chemistry and the optimized protocol of 
Kent,"4' except that D M F  flow washes were replaced with 5 x 30 s shake 
washes. BOC-Ala-SCH,CH,CO,H was coupled to the resin with either DCC 
or the Kent protocol. 4-Acetamidobenzoic acid was coupled to the N-termi- 
nus of the electrophilic peptide using the same procedure. After H F  cleavage 
(10% anisole/HF, 1 h, 0°C) the crude peptides were washed wlth ether, 
dissolved in water, lyophilized, and then purified by C,, reverse-phase HPLC 
with 99% water/acetonitrile/O.l % TFA (A) and 90% acetonitrile/water/ 
0.07% TFA (B) binary gradient. Purity was confirmed by analytical HPLC 
and mass spectrometry (electrospray or MALDI). 


Synthesis of E: Benzyl mercaptan (180 mL, 1.53 mmol) was added to a 
solution of the propionamide throester peptide [E(SCH,CH,CONH,), 
17 pmol] in degassed 4M Gnd'HCI (50 mM MES buffcr, pH 7, 1 1  mL) and 
acctonitrile (0.9 mL). The resulting mixture was stirred at room temperature 
under argon for 18 h. After acidification with neat TFA, excess benzyl mer- 
captan was removed with diethyl ether (4 x 5 mL). The crude mixture was 
purified on C,, RP-HPLC to afford E(SCH,Ph) (11 pmol, 65%) .  The 
thiobenzyl esters of the mutant peptides E,, and E,, were synthesized in an 
analogous manner. 


Synthesis of T: The pcptides E(SCH,CH,CONH,) (5.2 pmol) and N 
(5.2 pmol) were dissolved in a mixture of 5 mL degassed Gnd'HCI solution 
( 4 ~ ,  50 mM MES buffer, pH 7) and 0.5 mL acctonitrile. To this solution 
thiophenol (400 mmol) was added four times during 30 h, once 15 min before 
acidification with neat TFA. Excess thiophenol was removed with diethyl 
ether ( 5  x )  and the crude peptide was purified on C, RP-HPLC (4.0 pmol, 
78%0). The mutant peptides T9,, T,,,, T9,, and T,,, were synthesized in an 
analogous Fashion using the respective mutant peptide fragments. 


Self-replication reactions: The reactions were performed in 0.6 mL Eppendorf 
tubcs. Temperature was maintained at 21.0 (&0.2) 'C.  All components werc 
disyolved in dcgassed H,O at acidic pH to inhibit initiation of the reaction. 
Peptide concentrations were determined by amino acid analysis and adjusted 
relativc to the internal standard 4-acetamidobenzoic acid. Rcactions were 
initiated by adding argon-purged, benzyl mercaptan saturatcd MOPS buffcr 
to give a total volume of 300 pL (final average concentrations: [El = 1x5 ~ L M .  


[N] = 179 p ~ ,  [BnSH] = ~ 1 . 6  mM, [MOPS] = 157 nlM (pH 7.50), [ABA] = 
37 p M ;  [TI = 0, 8, 28, and 53 pM, respectivcly). A11 experiments were rcpeated 
three times. Samples (33 pL) were removed from the reaction vcsscl at various 
time points, immediately quenched with 2 %  trifluoroacetic acid (70 pL).  and 
stored at -78 ' C  prior to HPLC analysis. 
Peptide fragment condcnsations in the presence of Cnd .HCI were performed 
in the same way as the reactions descrihcd above, except that degassed, benzyl 
mercaptan saturated MOPS buffer containing Gnd.  HCI was used. Final 
concentrations: [Gnd.HCI] = 2 . 5 ~ .  [BnSH]-I.6 mM, [MOPS] = 84 niM 
(pH 7.50), [ABA] = 235 p ~ ,  [El = 195 p ~ ,  [N] = 187 p ~ :  [TI = 0 and 25 p ~ ,  
respectively 
Peptide fragment condensations in the presence of crippled templates T9, and 
TZ6, were pcrfornied similiarly to the reactions descrihcd above. Final con- 
centrations: [ B n S H l ~ 1 . 6 m ~ ,  [MOPS] = 1 3 9 m ~ ( p H  7.50), [ABA] = 90 PM. 
[El = 170 p ~ ,  [N] = 173 p ~ ;  [TI = 0 p ~ ,  [TI = 29 p ~ ,  [T,,] = 30 CIM, and 
[TZ6,] = 28 p ~ ,  respectively. 
Peptide condensations of alanine mutant fragments in the prcsence of nonmu- 
tated as well as single-mutant templates werc performed similiarly to the 
reactions described above. Final concentrations: [E,,] = 163 LLM. [N] = 
167 p ~ ,  [T,,] = 24 p ~ ,  [TI = 0 p~ and 31 pM; [El = 160 p ~ ,  [N,,,] = 
178 p ~ ,  [T,,,] = 63 p ~ ,  [TI = 0 p~ and 31 pM; in all experiments, [ABA] = 
90-150 LLM, [MOPS] = 1 0 0 - 2 5 0 m ~  (pH = 7.5), [BnSH] 2 1 . 6 m ~ .  
Pcptidc fragment condensations a t  low temperature were performed similiar- 
ly to the reactions described above, cxcept that the temperature was main- 
tained at 5 ' C .  Final concentrations: [BnSH]% 1.6 mM, [MOPS] = 139 mM 
(pH 7.50), [ABA] = 93 p ~ ,  [El = 166 PM. [N] = 168 p ~ ;  [TI = 0, 9, 27, and 
55 p ~ ,  respectively. 


H P L C  Analysis: RP-HPLC analysis was carried out using a Zorbax C-8 
300SB column connected to a Hitachi D-7000 diode array HPLC system. The 
initial buffer (A) consisted of acetonitrile/water 1 :99 contilining 0.1 % tri- 
fluoroacetic acid; the final buffer (B) of acetonitrile/water 90: 10 contained 
0.07 % trifluoroacetic acid. The following gradient program was used: 
10 + 25% B within 4 min, 25 + 30% B within 5 min, 30 --+ 50% B within 
2 min, 50% B for 4 min, 50 +100% B within 2 min, 100% B for 3 min, and 
100-10% B within 2 min. The flow rate was 1.5mLmin-I .  The injection 
volume was 100 pL. HPLC peaks were detected by monitoring the UV ab- 
sorbance at A = 270 nm. Known amounts of peptide (concentration mea- 
sured by standardized amino acid hydrolysis) were calibrated against known 
amounts of the internal standard 4-acetamidobenzoic acid. Peptide concen- 
trations during the course of the reaction were determined relative to the 
internal standard. 


Simulations: The experimental data were analyzed according to the empirical 
reaction models dcscribcd in the text using the program SimFit. Nonlineai 
curve fitting by least squares was achieved using the Simplex algorithm fol- 
lowed by the Newton-Raphson algorithm. For screening the reaction order 
only the Simplex algorithm was used 
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[ 111 H Hojo. S. Aimolo. Hull. Chrm. Soc . I p  1991, (14. 1 1  1 - 11 7. 
[I21 G. W. Anderson. J. E. Zimmerman, F. M .  Callahan. J h i .  C 'J ic i i i .  Sw. 1964. 


86, 1839 - 1x42. 
[13] llnder Marfey's conditions (NaHCO,. 1 h, 30-40 C) the thioester gave 


5~ 1 0 %  epimei-ization; P. Marfey, Cudshrrg Re,s. Con?niiiti. 1984.49.591 ~ 596. 
[14] M. SchnolLer, P. Alewood. A. Jones, L). Alewood. S. B. H. Kent, h r .  J Pqir 


Prnrc.iii Rrs. 1992, 40, 180-193. 
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Design and Synthesis of Sugar-Responsive Semiartificial Myoglobin Triggered 
by Modulation of Apoprotein- Cofactor Interactions 


Itaru Hamachi,* Yusuke Tajiri, Tsuyoshi Nagase, and Seiji Shinkai 


Abstract: Phenylboronic acid groups as 
sugar recognition sites were successfully 
introduced into native myoglobin by a 
cofactor-reconstitution method. Spec- 
trophotometric pH titration demonstrat- 
ed the sugar-induced pK, shift of the H,O 
coordinated to the heme center of the 
semisynthetic myoglobin bearing phenyl- 
boronic acids (met-Mb(PhBOH),). By 
means of circular dichroism (CD) and 
paramagnetic 'H NMR spectroscopies, it 
was provcn that sugars that were bound 
to phenylboronic acid sites induced the 
rearrangement of the heme crevice to rein- 


force the heme cofactor-apoprotein in- 
teractions. The structural changes that 
were induced by the binding of  sugars 
subsequently enhanced the dioxygen stor- 
age activity of Mb(PhBOH), . Such sugar- 
induced structural and functional changes 
did not occur for other modified Mbs that 


Keywords 
boronic acids * heme proteins * 


molecular recognition - myoglobin * 


saccharides 


Introduction 


In the research field of bio-related materials science, proteins 
and enzymes are considered to be attractive molecular materials 
bearing individual functions within the nanometer size range. 
When naturally occurring proteins are hybridized with artificial 
molecules, the molecular interface capable of introducing so- 
phisticated functions to the hybrid proteins is significant. In 
recent years, artificial molecules and/or molecular assemblies 
that are able to regulate enzyme alignments, orientations, and 
rcactivitics have been exploited as promising interfaces, instead 
of passive matrices that simply immobilize the enzymes.['] 


The interface molecules can be introduced into native 
proteins in a covalent or noncovalent manner. However, it is 
generally difficult to  incorporate nonnatural molecules into 
specific positions of proteins and enzymes. Solid-phase peptide 
synthesis and protein semisynthesis have often been used to 
prepare novel proteins containing nonnatural amino acids.['] A 
more general biosynthetic method using aminoacylated sup- 
pressor t-RNA has been successfully developed in recent 
years.[31 Thus, it is now desirable to establish what categories of 
nonnatural molecules can actively operate in natural proteins a t  


[*] 1 .  Hamachi, Y. Tajiri. T. Nagase, S .  Shinkai 
Department of Chemical Science & Technolo_ey 
Faculty oi' Engineering, Kyushu Univeryity, Fuk uoka, 81 2 (Japan) 
e-mail: Itarutcm(o mbox.nc kyushu-u.ac.jp 


had no sugar-recognition units. Interest- 
ingly, a randomly modified M b  with 
phenylboronic acid units did not show 
any sugar response. In Mb(PIiBOH),. the 
information from the sugar-binding event 
was efficiently transmitted to the active 
center, so that the activity was efficiently 
altered upon sugar binding. In conclu- 
sion, the active site specific incorporation 
of molecular recognition units as nonnat- 
ural functional molecules can provide a 
novel strategy for the design of stimuli- 
responsive semisynthetic proteins. 


a molecular level. We recently showed that the reconstitution of 
chemically modified cofactors with apoproteins or apoenzymes 
can be used to modify active sites with nonnatural molecules 
(Scheme Our group and others have used this procedure to 
synthesize a number of unusual hemoproteins containing, for 
example, a photosensitizer, a redox-active moiety. a molecular 
recognition site, or a hydrophobic alkyl chain.[4. We previous- 
ly communicated a preliminary report on a sugar-responsive 
myoglobin, which was prepared by the reconstitution of  a syn- 
thetic heme bearing phenylboronic acid pendants with apo- 
Mb."' In this article, we clearly demonstrated that a sugar- 
induced dynamic change of the cofactor-apomyoglobin inter- 
actions is esscntial to the sugar-responsive activity of the 
semisynthetic myoglobin, by providing detailed information on 
the structure and function of various myoglobin derivatives. 


Results and Discussions 


Design and Synthesis of Chemically Modified Heme Derivatives: 
Phenylboronic acid is known to act as a Lewis acid in forming 
covalently bonded stable complexes with 1,2- or 1,3-diols in an 
aqueous medium.['' In the resulting phenylboronate ester, the 
acidity of the boronic acid is enhanced to generate ii tetrahedr;il 
boronate anion. These properties suggested to us that  phenyl- 
boronic acid might be used to bind sugar derivatives to a protein 
molecule. We therefore set out to incorporate the former into 
myoglobin (Mb), a structurally well-defined protein, by the re- 
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apo-myoglobin 


Scheme 1. Reconstitution 
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COOEt 


Reconstituted myoglobin 
of myoglobin with synthetic hemes 


constitution of apomyoglobin with a heme having m-amino- 
phenylboronic acids attached to two propionic acid terminal 
groups (1). In order to elucidate in detail the effect of the sugar 
on myoglobin, protoheme derivatives bearing anionic car- 
boxyphenyl groups (2), neutral but isoelectronic nitrophenyl 
groups (3),  neutral carboethoxylphcnyl groups (4), and simple 
phenyl groups ( 5 )  were synthesized and reconstituted with apo- 
Mb. These hemes were prepared by Schotten- Baumann con- 
densation of protoporphyrin bis(acid chloride) with corrc- 
sponding meta-substituted anilines, followed by iron insertion 
under anaerobic conditions (Scheme 2). Protoheme diethyl es- 
ter 6 was also synthesized and reconstituted with apo-Mb. 


Effects of the Sugar on Heme Reconstitution with Apomyoglobin: 
The reconstitution of heme 1 b with apo-Mb was conducted by 
the addition of 1 b dissolved in a small amount of pyridine to 
apo-Mb in aqueous solution (isolated yield = 20 %). The recon- 
stituted Mb (met-Mb(PhBOH),) was found to be sufficiently 
pure, since the ratio of the absorbance at 405 nm (Soret band of 
heme) to that at 280 nm (aromatic side chain of apo-Mb) was 
4.4, which is comparable to the value of 4.8 for native Mb and 
is greater than those of other Mbs (3.4 for Mb(PhCO;),, 4.2 for 


MbfPhH),, and 3.8 for Mb(OEt),E81). The 
ligand exchange, redox, and dioxygen-bind- 
ing reactions, in addition to various spectro- 
scopic measurements by UV/Vis, circular 
dichroism (CD) , electron paramagnetic reso- 
nance (EPR), and nuclear magnetic reso- 
nance (NMR), confirmed that the heme 1 
was satisfactorily fixed in the native heme 
pocket of myoglobin. 


When we used dimethyl sulfoxide (DMSO) 
as a solvent for 1 b instead of pyridine, the 
reconstitution failed (yield = 0 %). However, 
the reconstitution was found to proceed 
smoothly in the presence of D-fructose 
(yield = 32 YO). Under these conditions, the 
change in the absorption spectrum of 1 b with 
the addition of apo-Mb gave a good titration 
curve, which was saturated at a 131 ratio of 
apo-Mb to 1 b (see Figure 1). The ability of 
monosaccharides to facilitate the reconstitu- 
tion depends on their structure. The strength 


Wavelength I nrn 


Figure 1 Changes in the dbborptlon 5pectrum of heme 1 b (10 VM in carbonate 
buffer 50 mM, pH 10 5,  25 C )  with dddition of apo-Mb in the presence of D-frUC- 
tose (0 1 M) Inset titration curve? of 1 b with apo-Mb in the presence of various 
sugars, o-fructose (o), o-arabinose (A), wmannose (D), D-glucose (0 )  


of this effect increases in the same order as their binding affini- 
ties to phenylboronic acid (D-fructose > D-arabinose > D-man- 
nose > wglucose).['] 1,3-propanediol is less effective in promot- 
ing the Mb reconstitution than sugars. Sugars do  not assist the 
insertion of any of the other hemes (2b-6b) into apo-Mb. These 
results indicate that the hydrophilicity of l b  is increased 


D-fructose D-arabinose 


D-rnannose 


OH 
D-glucose 


1026 - @ ' ~  VCH VerluXsjiesr//sc/i/lft mhH,  0-69451 Weiwheirn, fYY7 OY47-~53V~Y7/0307-1026 $ 17.50+ .SO/0 Chmz. Eur. J .  1997, 3, No. 7 
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Scheme 2. Synthetic route to 
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the hemes examined in this paper I) (COCl),/dry CH,CI,, 11) H,NR or 


through complexation of sugars at the boronic acid sites, be- 
cause of the generation of a boronate anion and the binding of 
the sugar molecules. The sugar-associated heme 1 b can then be 
incorporated more readily because of its increased amphiphilic- 
ity, in the same way as propionate terminal groups in hemin give 
better results than propionic acids in the conventional reconsti- 
tution.["] In addition, saccharide-protein interactions in the 
proximity of the heme crevice may play some role in the stabi- 
lization of the obtained holoprotein. 


Sugar-induced pK, Shift of H,O Coordinated to the Heme 
iron(ni) Center: Substituents incorporated into the heme are 
known to change the pK, of the axial H,O molecule coordinated 
to the iron(in) center of heme in myoglobin. This pK, shift can 
be used as an index to evaluate the interactions in the microen- 
vironment of the heme crevice. Table 1 summarizes the pK, val- 
ues of the reconstituted Mbs with 1 b-6b  in the presence and in 


'Table 1 .  pK, value5 of coordinated H,O molecules in various Mb derivatives in the 
presence and in the absence of 11-fructose (0.1 M). 


Myoglobin Heme PK, pK,(u-fru) 


Mb(PhBOH), l b  8 0  8 5  
Mb(PhCO,H), 2b 8 5  x 5  
Mb(PhNO,), 3 b  - bl - [a1 


Mb(OEt), fib n o  8 0  


Mb(PhCO,Et), 4b [dl - [dl 
Mb(PhH), 5 b  8 1  8 3  


native Mb protoheme IX 9 1  9 1  


[a] Thece proteins are not stable enough to allow determination of their pKa. How- 
ever, no spectral changes were observed on addtion of u-fructose (0.1 M ) .  


the absence of D-fructose. Obviously, the pK, values of all the 
Mb derivatives are lowered compared to that for the unmodified 
Mb. It is widely accepted that propionate anions of native pro- 
toheme form a tight ion pair with Lys CD3 and a hydrogen 
bond with Ser F 7, both of which greatly contribute to the stable 
fixation of heme cofactor in apo-Mb.[' The loss of these stabi- 
lization factors by chemical modification causes the lowering of 
the pK,. Turning to the Mbs with appended phenyl derivatives, 
we observe that the pK, for Mb(PhBOH), is lower than that for 
Mb(PhH), . This may be due to the fact that the bulkier -B(OH), 
substituents disturb the three-dimensional structure of the apo- 
protein to a greater extent than do the smaller -H groups. The 
instability of Mb(PhCO,Et), and Mb(PhNO,),, which prevents 
us from determining their precise pK, values, supports this ex- 


P I  


COR COR 


HOEt, iii) FeClJdry DMF 


I b : R =  


2 b : R =  


3 b : R =  


4 b : R =  


5 b : R =  


6 b : R =  


planation of the effect of bulky substituents on the holoprotein 
structures. In contrast, the pK, of Mb(PhCO;), is close to that 
of native Mb. This suggests that the incorporation of the nega- 
tively charged benzoate groups considerably stabilizes the holo- 
protein complex, even though the negative charges are slightly 
further from the protein skeleton than the native propionates. 
The pK, for Mb(OEt), is rather low, in spite of its small sub- 
stituents. The less polar ester bond might have less effect on the 
heme-apoprotein stabilization than the more polar amidc 
bond. 


A more important observation is that the pK, of 
Mb(PhBOH), changes from 8.0 to 8.5 on addition of D-fructose. 
It is conceivable that the newly generated boronate anions 
formed upon sugar complexation facilitate a tight fixation of the 
heme cofactor in the pocket of apo-Mb, so that the pK, in the 
presence of D-fructose is increased to a value comparable to that 
of Mb(PhCO;),. A sugar-induced pK, shift is not observed for 
any of the other chemically modified Mb derivatives. 


The sugar-induced spectral changes of Mb(PhBOH),-- 
sharpening of the Soret band (408 nm) and increase in the inten- 
sities of Q-bands due to aqua-met-Mb (503 and 630 nm) with 
simultaneous decrease in the intensities of the Q-bands due to 
hydroxide-Mb (540 and 580 nm)['21-show a typical saturation 
behavior with respect to the D-fructose concentration (Fig- 
ure 2). We can estimate the binding constant of Mb(PhBOH), 
to D-fructose from this saturation curve. In the presence of 
excess D-fructose, the Benesi -Hildebrand plot gives a good lin- 
ear relationship for the reciprocal square of the D-fructose con- 
centration. This indicates that a 2:  1 complex of D-fructose to 


0.14 7---- 
0.12 


E 
g 0.10 
Ti. 
I 


0.08 


3 0.06 


p 0.04 
4 


8 
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t 
16 


'0 2X104 4 X 1 0 4  6x104 
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Figure 2. Spectrophotometric titration curve of met-Mb(PhBOH), (10 p~ in phos- 
phate buffer, 50 mM, pH 7.5,25"C) with D-fructose. Inset: Benesi-Hildebrand plot 
obtained from the titration curve. 
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-Me(8) spectrd Thcse results demonrtrnte that 
the sugars bound nt the two phenyl- 
borondte sites can efficiently redrrangc 
thc heme-npopiotein inteiactions 
through the steric and electrostatic per- 
turbations nround their vicinal sites No 
changes in the CD dnd N M R  spectrn 
were observed for the other M b  deriva- 
tives beaiing no boronic acid groups 


The Effect of Sugars on the Dioxygen 
Storage Activity of Modified Mbs: 
Structural perturbation In a variety of 
semisynthetic myoglobins directly influ- 
ences their activity (1 e , dioxygen stor- 
age cdpdbihty) The dioxygen coinplex 
of M b  (oxy-Mb) gradually decomposer 
to the ferric Mb (met-Mb) This process 


u ~ 4  


r - - - - v  I -  I I I c I 
30 28 26 24 22 20 I t ;  1 6  14 1 2  1 0  


6ippm 


Figure 1 ' H  N M R  ,pr~t ia  ot met-Mb(PhBOH), in the absenci (top) , r i d  in the presence (bottom) of 
I> Inictow (mct-Mb(l'hBOH), 2 8 mM D tructoje 50 m w  phosphdle buffer >O inhi pD 7 5) cont'uning KCN 
(10 IlIV) 'I[ 25 c 


Mb(PhBOH), is predominantly formed under the prcsciit con- 
ditions with an association constant of 8 x 1 0 4 ~  '. Based on 
this valuc, it is clear that more than 99 o/r, of Mb(PhBOH), binds 
o-fiwtose under our standard conditions (10 p~ of Mb, 0.1 M of 
sugars). 


Structural Changes in Mb(PhBOH), on Binding with Sugar 
Derivatives: Direct evidencc for the sugar-induced structural 
changcs of Mb(PhBOH), was obtained by CD spectroscopy. In 
thcse experiments, we used the low-spin form of met-Mbs in 
which a cyanidc anion was bound as an axial ligand, becausc the 
sugar-induced ligand exchange fi-om H,O to hydroxide can be 
neglected in cyanide complexes.['31 A positive peak at  408 nm, 
characteristic of the induced C D  of the hcme moiety, clearly 
increased in intensity to 120% on addition of racemic fructose. 
In the U V  region, on the other hand, two negative peaks (225 
and 208 nin) and a positivc peak (1 90 m i ) ,  which are charactcr- 
istic of r-helix structure. scarcely changed. It is evident that thc 
hem-apomyoglobin interactions are efficiently itinforced 
upon fructose binding. 


We next conducted ' H N M R  measurements on Mb(Ph- 
BOH), with the aim of investigating the detailed structural per- 
turbations in proximity to the active site. Figure 3 shows the 
'H NMR spectra between 0 = 10 -30 in the presence and in the 
absence of D-fructose. Some of the proton signals due to thc 
heinc and amino acid residues of Mb changed on addition of 
o-fructose. The methyl proton at  C, of the heme shows a signif- 
icant downfield shift from 6 = 23.3 to 24.2. Similar downfield 
shifts arc observed for the methyl protons at C ,  (6 =11.7 to 
11.9) and vinyl protons of the heine c', (0  = 17.6 to 17.9). In the 
amino acid residues of the Mb polypeptide skeleton, upfield 
shifts of pcwtr  and nzcJ/cr protons of Phe CD I are dctccted 
((5 = 17.5 to 17.0 and 6 = 12.7 to 12.5, respectivcly). On theother 
hand, thcrc is no change in the C ,  methyl protons of the heme 
a n d  in the methyl protons of Ile FGS"41 In general, it is clear 
that the u-fructose-induced changes in the chcmical shifts are 
greatest for the protons of the amino acid residues and of the 
heine side chains, which are located at the entrance or the heme 
crcvice. This is consistent with thc results obtained from the C D  


can be monitored spectrophotometrical- 
ly (Figure 4). Table 2 shows the autooxi- 


dation rate constants ( k J  of oxy-Mb. These rates are good 
parameters for measuring the lifetimes of the active states. The 
oxy-Mb states of all the chemically modified h e m s  are less 
stable than that of native Mb. The autooxidation rates of oxy- 
Mb(PhNO,), and oxy-Mb(PhCO,Et),, both of which bear 
noncharged and sterically bulky substituents, were espe- 


x . 


x.. A -.__ 
palatinose, saccharose 


0 50 100 150 200 250 300 
Time I min 


Figure 3. Tiiiie courses of the autooxidation of oxy-Mb(PhBOH), in the absence 
( 0 )  m d  in the presence ofwfsuctose (-1, u-gluco~e (m). palatinose (A). and saccha- 
rose ( A ) .  


Table 2.  Autooxidation rate constants ( k J  of the dioxygcn complexes ofserni~yii- 
thelic Mby in the absence a i d  the presence of  fructose (0.1 M) [aj. 


Myoglobin Heme k,,, 11 ~ I A,,,(o-fsu) hK' 


Mb(PIiBOHl2 l b  0.1 I 0 4 3  
Mh(PhC'OI H), 2 I1 0.12 (1.18 
M b( P h N  0 l 2  3 b  >0 .42  [bl lbl 
MI>( I'hC0,Et 4 b  > 1 0  [c] > 10 [c] 
M b(PhH), S h  0 I6 0.16 
Mb(OT:t)? 6 b  11.13 0.13 
native M h  protoheme I X  0.02 0 0 2  
rmdoinly modilied Mb protoheme 1X 0.08 0.08 


[a] Expcrimcntal conditions: [Mb] = 10 p ~ .  SO mM phosphate buffer. pH 7 . 5  at 
25 C. lbl Illoxygen complcx of Mb(PhNO,), was not st;ible enough to iillow 
; icc~i i- :~tc evaluatioii of I;,,,. [c] Typical absorption spectrum of diowygen coinplexea 
\ u s  not observed. but autooxidation rate was roughly c\timatcd from the observed 
disortlcrcd spectrum. 
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charide, is lcss effective than 
D-fructose, a s  expected from 


N - 0  B-OH 0.6 its lower association constant. 
Scheme 3. The eflect of the phcnyl substituents on oxy-Mh ytabiliration. Palatinose and saccharose, 


disaccharidcs bearing the u- 


0 0 0 HO HO 0 


cially accelerated. Mb(OEt), and Mb(PhH), bearing non- 
charged but less hindered groups formed considerably more 
stable dioxygen complexes. Oxy-Mb(PhCO;), is more stable 
than oxy-Mb(PhNO,), having a pseudo-isoelectronic but non- 
charged substituent. This indicates that the introduction of 
negative charge is important for the stabilization of oxy-Mb, 
as is the minimization of steric hindrance (Scheme 3). Oxy- 
Mb(PhCO,Et), was remarkably destabilized by a factor of 100 
relative to oxy-Mb(PhCO,), . This also supports the signifi- 
cance of anionic charges. The lifetime of  oxy-Mb(PhBOH), is in 
the samc range as those of Mb(PhH), and Mb(PhCO,), . 


Most significantly, the stability of oxy-Mb(PhBOH), ( l / k o x )  
was enhanced by D-fructose. The lifetimes of 


fructose unit a t  their C, end, 
do not have any distinct effect on the stabilization of the oxy 
complex. This might be due to the higher molecular volume of 
disaccharides cancelling out the sugar-induced stabilization 
factor. 


In order to clarify whether the site-specific incorporation of 
the nonnatural phenylboronic acid molecules is a crucial factor. 
we used a randomly modified M b  as a control protein. It was 
prepared by the condensation reaction of [:-amino groups of 
lysine residues of the native M b  with ((succinimidy1oxy)car- 
bony1)phenylboronic acid (Schcme 4, an average of 8 groups 
were incorporated per Mb).['51 As shown in Table 2, no activity 
enhancement by D-fructose was observed for the randomly 


thc other oxy-Mbs did not change with the ad- 


dition dioxygen of complex D-fructose. of At Mb(PhBOH), pH 7.5 or 8.5, is four the MbfNHz)zo + :>*:.& - Mb(Nb$-!O<" OH 


times more stable in the presence of D-fructose 0 
(Table 3); however, a t  lower pH (pH 6.51, this Scheme 4. Synthesis of a randomly modified Mh.  


Table 3. Autooxidation rate constants for dioxygen complexes of Mb(F'hBOH), 
under various conditions [:I] 


Condition5 Autooxidation rate constants (k, ,) /h- I 
pH [SUpar]/mM D-fructose i>-glucose palatinosc: saccharose 


6.0 0 
1 00 


1.5 0 
5 


20 
50 


100 


8.5 0 
100 


0.36 0.36 0.36 0.36 
(1 59 ~ 


0 1 1  0.1 1 0.21 0.1 1 
0.10 
0.06 
0.04 ~ 0.15 0.11 
0.03 0.06 


0.1 3 0.13 0.13 0.13 
0.03 


~ ~ 


~ ~ ~ 


[a] Expcrrmental condition: [MbJ = 10 p!vi, 50 mM phosphate buffti- at 25 C .  


is no longer the case. The p H  dependence of k,, correlates well 
wilh the fact that phenylboronic acid cannot bind sugar deriva- 
tivcs in acidic solution. In detailed experiments, k,, showed sat- 
uration kinetics with regard to the D-fructose concentration (0- 
100 mM). Based on these results combined with the preceding 
structural data, sugar-mediated stabilization of oxy-Mb(Ph- 
BOH), can be ascribed to the modulation of the heme cofactor- 
apomyoglobin interactions induced upon complexation of D- 


fructose in the vicinity of the heme pocket. 
The lifetime of oxy-MbfPhBOH), also depends on the identi- 


ty of the added saccharide (see Table 3). 11-Glucose, a monosac- 


Palatinose Saccharose 


modified Mb. The information ensuing from the binding of 
the sugar molecules to the phenylboronic acid groups is 
therefore much more efficiently transmitted to the active 
center in Mb(PhBOH), than in randomly modified Mb. 
This result clearly demonstrates the value of our active site 
directed modification based on the cofactor reconstitution 
method. 


Conclusion 


A variety of functions of hemoproteins and enzymes, such as 
dioxygen transport and storage, electron transport, oxidation 
and oxygenation of substrates, are generally considered to be 
regulated by the apoprotein -cofactor (heme) interactions." 6 1  


Two major controlling factors for the interactions are 1) the 
nature of the axial ligands and 2) the microenvironment in 
the heme pocket. In most recent examples hcmoproteins 
have been modified by the stutic replacement of an axial 
ligand or of amino acids located in the heme I n  
sharp contrast, the present phenylboronic acid appended niyo- 
globin is quite novel in its dynumic response to the sugars: the 
introduced recognition site acts as a "reporter" group. The sub- 
tle change in the heme- apoprotein interactions upon sugar 
binding results in the regulation of nc/ protein activity. Thus. it 
is established that our methodology can confer an allosteric 
property upon a protein with a specific effector modifying the 
molecular recognition site (Scheme 5 ) .  We expect that artificial 
interface molecules having molecular recognition functions, 
such as phenylboronic acid, will significantly expand the possi- 
bilities for the design and synthesis of stimuli-responsive 
semiartificial proteins for use in protein-based science and tech- 
nology." 8l 
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less active 


Schemc 5 .  lllustratioii of basic concept of stimuli-responsive semisynthetic proteins. 


Experimental Section 


Materials: Protopor-phyrin 1X was purchased from Aldrich. Myoglobin 
(horse heart) was purchased from Sigma. All chemicals were used without 
further purification. 


General Procedures: Thin-layer Chromatography (TLC) was carried out on 
aluminum shccts coated with silica gel 60 (Merk 5554). Column chromatog- 
raphy was performed on silica 60 (Merk 9385, 230 400 mesh). Melting 
points were determined on a micro melting point apparatus Yanaco MP- 
50OD and arc uncorrected. U V W s  spectra were recorded on a Shimam 
UV-3000 spectrometer. ' H N M R  spectra were recorded on either a Bruker 
AC-250P (250 MHz) or a JEOL GSX-400 (400 MHz) spectrometer. 1R spec- 
tra were recorded on a Jasco A-100 spectrophotometer. C D  spectra were 
recorded on a .Iasco 5-720 spectrometer. 


Synthesis of H e m e  Derivatives: 


2,7,12,18-TetramethyI-3,~-divinyl-13,17-bis(((3-boronophenyl)carbamoyl)- 
ethy1)porphyrin (1 a) was prepared according to literature procedure.['Y1 


[2,7,12,18-Tetramethyl-3,8-divinyl- I3,17-bis(((3-horonophenyl)carhamoyl)- 
ethyl)porphyrinateliron(in) Chloride (1 b): Under N, atmosphere, 1 a (50 mg, 
0.06 mmol) and FeCl,'nH,O (80 mg, 0.63 mmol) were suspended in dry 
D M F  (15 mL) and stirred at 50 C for 12 h i n  the dark. The reaction was 
followed by absorption spectroscopy and TLC (SiO,; CHC1,-MeOH, 10: 1 
( P I , ) ) .  The mixture was cooled to room temperature, and the solvent was 
removed under reduced pressure. The rcsidue was washed with water contain- 
inp  one drop of 1 v HC1. The precipitation was separated by filtration and 
dried to give I b a s  a dark brown powder: 83 % (46 mg) yield; Anal. calcd for 
C,,H,,N,06B,FeCI: C ,  62.09; H,  4.9X; N, 9.44. Found: C, 62.35; H,  5.00: 
N. 9.34. 


2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(((3-carhoxyphenyl)carbdmoyl)- 
ethy1)porphyrin (2a): Under N 2  atmosphere, protoporphyrin IX (100 mg, 
0.18 mmol) was suspended in dry CH,Cl, (10 mL) and treated with oxalyl 
chloride ( I  mL, excess). The mixture was stirred in the dark for 2 h. After 
removal of the solvent. the residue yield the protoporphyrin bis(acid chloride) 
as ii  dark green solid, which was used immediately without further purifica- 
tion. Under N,  atmosphere, the his(acid chloride) in the dry CH'CI, (15 mL)  
was added dropwise to a solution of dry D M F  (80mL) and dry pyri- 
dine(20 mL) containing 3-aminobenzoic acid (1.22 g, X.18 mmol). The mix- 
ture was stirred in the dark overnight. The solvent was removed under rc- 
duced pressurc, and the residue dissolved in T H E  The organic layer was 
w;ished with brine and dried over sodium sulfate. and the solvent was re- 
moved undcr reduced pressure to give 2a as a black powder: 55% (78 mg) 
yield; m.p.>300"C (decomp.); IR (KBi-). i: =1720-1650 (C=O)cm- ' ;  
' H N M R  ([DJDMSO, 250 MHz): 6 = - 4.04 (2H.  S. N H ) ,  3.35, 4.45 (4H 
each,teach. 13', 17', 13,, 17'.CH,), 3.62-3.70(12H, br ,2 ,7 ,  12. 18.CH,), 
6.19, 6.41 (2H each. d each, 3. 8, =CH,), 7.29. 7.52, 7.75, 8.18 (2H each, t ,  
d. d, and 4. respectively, Ar-H), 8.45 (2H,  m, =CH-), 10.16-10.31 (4H, brs, 
methiiie-H) 
Other derivatives were synthesized according to the same methods as 
described above. 


~2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(((3-carboxyphenyl)carbamoyl)- 
ethyl)porphyrinateliron(iii) Chloride (2 h): Dark brown powder: 36 % (33 mg) 
yield: Anal. cakd forC,,H,,N,O,~eCI~1.5H,O: C,62 86; H,4.95; N ,  9.16. 
F(.iund: C, 62.68; H. 4.71: N, 9.07. 


2,7,12,18-Tetramethyl-3,8-divinyl-13,17- 
bis(((3-nitrophenyl)carbarnoyl)ethyl)- 
porphyrin (3a): Black powder: 70 "/' 
(0.10 g) yield; m.p >30O'C (decomp.): 
IR (KBr): 3 =I680 (C=O),  1530, 1350 
(N=O) cm-' : ' H N M R  ([DJDMSO, 
250 MHL): 6 = 3.34, 4.46 (4H each, t 
each, 13'. 17', 13', 17', CH,), 3.62- 
3.70 (12H, br, 2. 7, 12. 18. CH,). 6.22. 
6.40 (ZH each. d each. 3, 8. 
=CH,), 7.79, 8.37, (4H each, d and m, 


respectively, Ar-H), 8.56 (2H, m, =CH-), 10.09-10.24 (4H. s, methine-H). 
Anal. calcd for C,,H,,N80;2.5H,0: C, 65.16; H. 5.59; N, 13.22. Found: 
C. 64.98; H, 5.21; N, 12.98. 


[2,7,12,18-Tetramethyl-3,8-diviny1-13,17-bis(((3-nitrophenyl)carhamoy1)ethy1)- 
porphyrinateliron(i1I) Chloride (3b): Dark brown powder: 14% (14 mg) yield; 
Anal. calcd for C,,H,,N80,FeCI.0.5H20: C, 61.31; H, 4.59: N. 12.43. 
Found: C ,  61.24; H, 4.86; N. 12.50. 


2,7,12,18-Tetramethyl-3,8-divinyl- 13,17-bis(((3-ethoxycarbonylphenyl)- 
carbamoyl)ethyl)porphyrin(4a): Black powder: 79% (0.12 g) yicld; n1.p. 243- 
245'C;  IR (KBr): ? = 3300 (NH), 1720 (ester C=O), 1660 (amide 
C = O ) c n i ~  I: ' H N M R  ([D,]DMF/[D,]THF, 250 MHz): 6 = - 3.80 (2H. s, 
NH),  1.23 (6H,  t.ethyl-CH,), 3.45,4.56(4Heach, teach, 13'. 17', 13', 17*, 
CH2). 3.58, 3.75 (6H each, seach, 2, 7, 12, 18, CH,), 4.23 (4H,  q, ethyl-CH,- 
), 6.20, 6.45 (2H each, d each, 3, 8. =CH2). 7.31. 7.57, 7.83. 8.28 (2H each. 
t,  d, d, and s, respectively, Ar-H), 8.52 (2H,  m, =CH-), 10.25-10.45 (4H,  s, 
methine-H). Anal. calcd for C,,H,,N,O,.CH,OH: C, 72.60: H, 6.35; N. 
9.45. Found: C, 72.50; H,  6.20; N, 9.63. 


[2,7,12,18-Tetramethyl-3,8-divinyl-l3, I7-his(((3-ethoxycabonylphenyl)- 
carbamoyl)ethyl)porphyrinateliron(in) Chloride (4 h): Dark brown powder: 
73% (41 mg) yield; Anal. calcd for C,,H,oN,O,FeCI.CH,OH.CHCI,: C. 
59.09: H, 5.50; N ,  7.66. Found: C, 59.29 H,  5.34; N. 7.27. 


2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis((phenylcarhamoyl)ethy1)porphyrin 
(Sa): Black powder: 55% (70 mg) yield: m.p.>300'C (decomp.): IR (KBr): 
f =  3300 (NH), 1650 (C=O)cm- ' ;  ' H N M R  ([D,]DMF, 250MH7): 
6 = - 3.59(2H,s,NH),3.46,4.57(4Heach, teach, 13', 17'. 13'. 17'.CH,). 
3.70. 3.72. 3.80, 3.81 (3Heach,seach, 2,7, 12,18,CH3).6.23. 6.95(2Heach. 
d each, 3, 8, =CH,). 6.94, 7.17, 7.60 (2H, ZH and 4H.  respectively, t ,  t. and 
d, respectively. Ar-H), 8.5X (2H. ni, =CH-), 10.11, 10.38. 10.46. 10.52 (1H 
cach, s each, methine-Hi). Anal. calcd for C,,H,,N,O;CH,OH: C. 75.78: 
H,  6.49; N ,  11.72. Found: C. 75.98; H, 6.23; N, 11.56. 


12,7,I2,18-Tetramethyl-3,8-divinyl-l3,17-bis((phenylcarbamoyl)ethyl)- 
porphyrinateliron(iir) Chloride (5b): Dark brown powder: 38% (24 mg) yield: 
Anal. cakd for C,,H4,N,0,FeCI.H20: C, 67.36; H. 5.41; N. 10.25. Found: 
C, 67.56; H, 5.35; N, 10.06. 


2,7,12,18-Tetramethyl-3,8-divinyl-13,17-his(ethoxyethyl)porphyrin (6 a):  This 
was prepared according to the literature procedure.'201 


[2,7,12,18-Tetramethyl-3,8-divinyl-13,17-bis(ethoxyethyl)porphyrinate~iron(r1i) 
Chloride (6h): Dark brown powder: 51 '% (70 mg) yield, Anal. calcd for 
C,8H,,N,0,FeC1: C, 64.46; H, 5.69; N, 7.91. Found: C, 64.86; H,  5.76; N. 
7.47. 


active 


Reconstitution of apomyoglohin with various protoheme derivatives: Apomyo- 
globin was prepared from horse heart metmyoglobin by the acid- butanone 


Protoporphyrin derivatives were incorporated into the heme 
pocket of apoinyoglobin by slightly modifying a procedure described in the 
litcrature.ri"~'21 Iron protoporphyrins (Ib, 3h, 4b, 5h, 6b, 1.5-2.0 equic) 
dissolved in pyridine,CH,OH (3.1 v , ' ~ )  (1 mg~0. l  mL) were added dropwsc 
to an aqucous apoinyoglobin solution with ice-cooling. The mixture was 
diluted with 10 niM phosphate buffer (pH 7.0) to keep the concentration of 
the organic solvenl below 5 10 % (v, 1,). The resulting mixtures were incubat- 
ed at 4 'C for 3 - 5  h a n d  centrifuged at 4 C (10000 rpm, 15  min). The super- 
natant was dialyzed against 10 i l l M  phosphate buffer (pH 7.5) and purified by 
gel column chromatography (Sephadex G-25). The reconstituted inyoglobins 
were concentrated by ultrafiltration, if necessary. Iron porphyrin 2 b  was 
dissolved in pyridine and aqucous NaOH (0.1 m o l d m ~  '. 1 : I  ( v : ~ ) .  1 nig 
0.1 mL) as a solvent. Thc solution was then diluted 10 times with H,O and 
added to an apomyoglobin solution. The purification was conducted by the 
same method described above. Molar extinction coefficients of the Soret band 
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for the reconstitutcd Mbs were determined by the conventional pyridine- 
hemochromogen method'*31 (edO9 (Mb(PhBOH),): 148 mM- 'cm-', cdO9 
(Mb(PhCO,H),): 207 mM-'cm- I ,  B~~~ (Mh(PhH),): 138 mM 'cm-I,  E , ~ ,  


(Mb(OEt),):[R1145 mM- icm-i,~409(nativeMb):'81188 mM-'cm-'). Based 
on the corresponding values, Mbs concentrations were spectrophotometrical- 
ly determined. 


Reconstitution of apomyoglobin with 1 b in the presence of sugars: Compound 
1 b (6 mM) in DMSO solution (2.5 pL) was added to  50 mM carbonate buffer 
(pH 10.5, 3 mL) containing 0.1 M monosaccharide. To the solution of 1 b, an  
appropriate amount of 0.25 mM apo-Mb solution was added dropwise and 
then UV/Vis spectral changes were measured by using a differential spectrum 
technique at  25 "C. 


Assay of dioxygen storage activity of modified Mbs in the presence of sugars: 
To the M b  solution containing 0 . l ~  sugar in 50mM phosphate buffer 
(pH ? . 5 ) ,  5 mg of sodium dithionite was added. Dioxygen gas was carefully 
bubbled through the solution for 1 min. The stabilities of dioxygen-binding 
Mbs (oxy-Mbs) were monitored by means of their UV/Vis spectra, through 
the Q-bands (absorption maximum at  540 and 580 nm), which are character- 
istic of typical dioxygen complex of Mb(oxy-Mb). 


'HNMR spectra of cyano-Mb(PhBOH), :[I4] The cyano-Mb(PhBOH), 
sample was concentrated, and the solvent replaced by 5 0 m ~  phosphate 
buffer of D,O (pD 7.5) contnining 2 mM KCN and 0.1 M (or OM) o-fructose 
by using centricon 30 (Amicon). ' H N M R  spectra of the cyano-Mb(Ph- 
BOH), samples were recorded at 25 "Con a JEOL GSX-400 N M R  spectrom- 
eter and required 30000 transients collected over a 24 KHz  bandwidth with 
a 5 p, 45" pulse. Peak positions were referenced against internal DSS. 
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Iceman's Mummification-Implications from Infrared Spectroscopical 
~ 


and Histological Studies 


Thomas L. Bereuter,* Werner Mikenda, and Christian Reiter 


Abstract: A skin sample from the Iceman 
(Otzi, Similaun Man, Man from Hauslab- 
joch) was studied by means of IR spec- 
troscopy and histology, and the results 
were compared to those obtained from 
nine other more recent human tissue sam- 
ples with known case reports. Attenuated 
total reflection IR spectroscopy was used 
for studying the fate of proteins and lipids 
in these rare skin tissues. This technique 
provided a simple yet powerful means for 
semiquantitative determination of the 
main compound classes found in skin 
samples, namely, triacylglycerols, their 


main breakdown products (fatty acids), 
and proteins. When combined with histol- 
ogy, I R  spectroscopy provided reliable in- 
formation about the main conditions ua- 
der which mummification of the samples 
had taken place. In the case of the 5300- 
year-old Iceman, preserved collagen con- 
tributed to the conservation of morpho- 
logical structures of the skin, although no 


Keywords 
adipocere * IR spectroscopy - lipids - 
mummification * skin 


cellular structures such as nuclei survived. 
In addition, post-mortal alterations such 
as hydrolysis of triacylglycerols and phos- 
pholipids into fatty acids were unequivo- 
cally demonstrated. The solidified fatty 
acids provided a certain degree of preser- 
vation to the tissue characteristic of 
adipocere. Based on this observation, tak- 
en together with the concomitant loss of 
epidermis, we suggest that Iceman's body 
was submerged in water for a period of a t  
least several months prior to  desiccation. 
Results from other research disciplines 
support our conclusions. 


Introduction 


The mummified corpse of the Iceman (Otzi) was discovered in 
September 1991 at 3210 m above sea level in a 20 m x 6 m cham- 
ber-like depression, below a rocky ledge, sheltered from the 
shearing flow of the glacial ice."] The trapped corpse was thus 
not expelled with the regular glacial turnover. A number of 
factors contributed to the corpse's preservation : the location, 
glaciological conditions, and estimated time of death (between 
end of summer and early autumn), as well as the circumstances 
leading to its discovery (the corpse was estimated to have 
emerged from the ice three days before discovery) .['I Calibrated 
radiocarbon dating of the body and artifacts was used to esti- 
mate the date of death at  between 3350 and 3100 B. C.12] This 
particularly well-preserved, late Neolithic, 45-year-old male,L3J 
who was found together with his belongings, provided a unique 
opportunity for interdisciplinary r e ~ e a r c h . [ ~ - ~ ]  


Iceman's skin was used for lipid analysis to  investigate the 
process and circumstances of his preservation. Transformation 
of body fat into its partial decomposition products can be ana- 
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lyzed chromatographically and spectroscopically (TLC, HPLC, 
GC, GCMS, and NMR and IR spectroscopy).[','] The two 
main types of natural mummification are desiccation and trans- 
formation into adipocere. The latter is a result of microbial 
activity converting the body fat into a grayish white lipid mix- 
ture, which consists mainly of saturated free fatty acids with an 
even number of carbon atoms, for example, myristic acid, the 
predominant palmitic acid, stearic acid, and 10-hydroxystearic 
acid.[g1 Calcium salts of certain fatty acids may also be found in 
adipocere."'] Triacylglycerols and unsaturated fatty acids like 
octadecenoic acid are only minor components of adipocere, but 
are more dominant in most desiccated tissues. Mummification 
(especially in glacial ice) may result from a combination of 
transformation processes, with superficial desiccated skin often 
containing adipocere underneath (detectable using gas chro- 
matography) .Is1 


Prior to destructive analysis by GC, we characterized a 
sample of Iceman's skin using light microscopy, histology, and 
attenuated total reflection (ATR) IR spectroscopy. Histological 
trichrome staining was used to  discriminate between the various 
tissue components in the partly decomposed material, and im- 
munohistochemical staining for cytokeratins was used to 
demonstrate the loss of epidermis. IR spectroscopy provided 
information regarding the main compound classes typical for 
post-mortal skin by detecting their characteristic functional 
groups, such as esters within triacylglycerols, carboxyls within 
fatty acids, carboxylates within salts of fatty acids, and amides 
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within proteins and ceramides. The reliability of our results was 
confirmed by means of ATR-IR spectra of several more recent 
tissues with known case reports, some of which were also ana- 
lyzed by GC.[*I 


In this study we present our results on the lipid and protein 
composition of Iceman's skin and nine other skin samples. 
Based on our findings, obtained by means of nondestructive 
ATR-IR spectroscopy and histology, we address some of the 
questions surrounding the mummification of the Iceman and 
discuss his likely submersion in water in the light of information 
obtained from other research disciplines. 


Experimental Section 


Samples: The origin, age, and visual description of the samples is summarized 
in Table 1. Samples were divided into two groups according to their major 
lipid constituents. A-type samples contained mainly triacylglycerols, whereas 
fatty acids were predominant in B-type samples. All samples were stored at  
-20°C prior to investigation. 


A l :  The thumb of one of the authors pressed onto the ATR crystal. A 2 :  A 
post-mortal skin sample from the hip region recovered three hours following 
the death of a 50-year-old male as a result of cardiac arrest. A3:  A freeze- 
dried portion of sample A2.  A 4 :  Skin from the upper arm of the corpse of 
a 53-year-old nian discovered in his apartment 6 months following his esti- 
mated death in early spring. Primary mummification by desiccation preserved 
the epidermis (A4") with the exception of a few liftoffs at small single spots 
(A4b).  


B 1 : The scalp of A 2  stored in water (with defined mineral content) a t  2 'C 
for 18 months. The sample was completely transformed into adipocere in 
which the hair became firmly rooted. B2: Tissue of the upper arm of a 
30-year-old woman found after 50 years in a car a t  the bottom of lake 


Abstract in German: Eine Huutprobe des Eismannes (Otzi, Simi- 
lam-Mann, Der Mann vom Hauslabjoch) wurde IR-spektrosko- 
pisch und histologisch untersucht und neun Gewebeproben mit 
bekannten Fallgeschichten gegeniibergestellt. Die A T R  (ahge- 
schwachte Totalreflexion)-IR-Spektroskopie war die Technik der 
Wahl, um semiquantitative Informationen iiher den Lipid- (Tri- 
acylglycerine und Fettsauren) und den Proteinanteil zu erlan- 
gen. Aus den spektroskopischen Daten lassen sich in Kombination 
mit den histologischen Untersuchungen zuverlassige Aussagen 
iiber die dominanten Bedingungen, unter denen die Mumifizierung 
der Gewebe erfolgte, ableiten. Im Falle des 5300 Jahre alten Eis- 
mannes hat die Erhaltung des Collagens maJgeblich zu einer Kon- 
servierung der morphologischen Strukturen beigetragen. Zell- 
kerne und andere zellulure Strukturen waren hingegen der Zersto- 
rung preisgegeben. Weitere postmortale Zersetzungsprozessr wie 
der Verlust der Epidermis und die Hydrolyse der Triacylglycerine 
und der Phospholipide sind klar nachzuweisen. Die hydrolytisch 
freigesetzten Fettsauren weisen fur Fettwmhs (Adipocere) cha- 
rakteristische Veranderun.gen a u j  und lieferten als relativ inerte 
und stabile Festsubstanzen einen Beitrag zur Konservierung des 
Gewebes. Vor allem die Fettwachsbildung, aber auch der Verlust 
der Epidermis zeigen, daJ der Leichnam des Eismannes vor der 
Austrocknung zumindest einige Monate im Wasser gelegen ist. 
Die Resultate anderer Forschungsdisziplinen stiitzen unsere 
Schlujfolgerung. 


Table 1. Description of samples. 


Sample Site of find Recovery Description and refcrences 
after 
death 
(in years) 


A1 


A 2  


A3 
A 3"/A 3' 
A4 


A 4"/A4t 


B1 


Blo/Bl '  


8 2  


83 


B4 


B5 


C 


cop 


~ 


~ 


~ 


apartment, bed 0 5  


exp. water immersion 1.5 


Achensee, lake 50 


Stubai Alps, glacier 64 


Stubai Alps, glacier 57 


Otztal Alps, glacier 29 


Otrtal Alps, glacier 5300 


author's thumb pressed onto the 
ATR crystal 
skin from the hip, 
3 h post-inormn 
A 2 freeze-dried 
outer surface,'inner surface 
desiccated skin  from the upper 
arm 
epidermis presentlabscnt 


white adipocere from the scalp, 
stored at 2 "C 
outer scalp (conlaining hair),' 
inner scalp 
white adipocere from the upper 
arm, 4 "C [X.11] 


white adipocere from the lower 
arm with mineral deposits 
white adipoccre from the lower 
arm [&I 11 
white adipocere from the thigh 
[8.11] 


skin from the hip. Figure 1 [4-- 61 
outer surface/inner surface 


Achensee (Tyrol, Austria), 50 m below the surface where the water tempera- 
ture is uniformly 4°C. Together with the torso, this tissue was transformed 
into adipocere, whereas the head, lower arms, and legs were completely 
skeletalized. B 3:  Lower-arm skin from the corpse of a 35-year-old man found 
in a glacier (Stubai Alps, Tyrol) 64 years following his disappearance. The 
head, one arm, and one hand were preserved by transformation into 
adipocere with minor areas of the skin also mummified by desiccation. A thin 
film of grayish mineral deposit coated most of his remains. B4: Tissue from 
the lower arm of the body of a 62-year-old man discovered 57 years after 
vanishing in the same region as  B3. His head, torso, arms, one hand, and one 
leg were recovcred from the glacier. These tissues were transformed into 
adipocere, and included some desiccated skin (e.g. a t  the chin with firmly 
rooted hair). B 5 :  Tissue from the thigh of the completely recovered corpse of 
a 28-year-old woman found in a glacier (Otztal Alps, Tyrol) 29 years follow- 
ing her death. The corpse was largely transformed into adipocere, and in some 
areas consisted ofdesiccated skin (with preserved hair at the scalp and pubis). 
C: A small skin sample (Figure 1 )  from Iceman's left hip, made available as 
a result of damage incurred by a jackhammer during recovery,"] and stored 
under argon. With the epidermis lost the outer side of the skin (C') appeared 
leathery. The inner side (c') contained traces of subcutaneous fat. 


Figure 1 .  Iceman's skin ( x 15) shown from above with the outer side ofthe reticular 
dermis (C') and traces of subcutaneous fat below at the inner side (C'). 
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Histology: Routine fornialin fixation of post-mortal disintegrated skin may 
result in the loss of the epidermis and was avoided. Freeze-dried samples were 
desiccated and repeatedly extracted for lipids with dry ethanol and xylol. 
Mcchanica! disturbance to surfaces during enibeddment and sectioning was 
minimized by using a double embedding method, combining celloidin and 
paraffin  preparation^."^' Sections were stained by Goldner-Masson's 
trichrome method.[15] Immunohistocheniical staining with anti-cytokeratin 
AE 1 ;AE 3 was used for detecting epithelial and mesenchymal cells 
(Boehringer Mannheim Biochemica)."'] Selective staining of squamous ep- 
ithelium was accomplished with anti-cytokeratin # 1 (Enzo Biochem).["' 
Histological preparations were inspected by transmission and polarization 
light microscopy. 


Sprctroseopy: IR spectra were obtained on Perkin-Elmer Fourier transform 
I R  spectrometers (models 1600 and 1740) equipped with triglycine sulfate 
detectors. Standard I R  preparation techniques were used to  obtdln transmis- 
sion apectra of reference compounds (liquid films between NaCl plates, solid 
films deposited on silicon, and KBr pellets). Nondestructive ATR technique 
(also referred to as internal reflection spectroscopy or multiple internal reflec- 
tion) was routinely used for analyLing tissues, with the sample brought into 
close contact with the surface of the ATR crystal by applying moderate 
pressure. Spectra were obtained for the outer layers of the samples (the 
penetration depth, being wavelength dependent, is in the order of 1 t o  10 km) 
with a Perkin-Elmer Horizontal ATR Accessory equipped with a zinc selenide 
crystal. Sixteen scans with a spectral resolution of 4 cm- '  in the spectral 
range of 4000 to 650 cm-'  were averaged. Very flat and small samples yielded 
spectra that wcre p;irtially overlapped by the spectrum of the vinylidenfluo- 
ride-hexafluoropropene copolymer of the pressure pad, where the significant 
spcctral range was restricted to 4000 to 1300 cm I. The spectra presented 
here have beeii normalized to a transmission value of 10% for the most 
prominent IR band. 


4000 3000 2000 1500 I 0 0 0  cm.' 


Figure2. IR spectra of reference compounds: a) triolcate, b) palmitic acid, 
c) hydroxystearic acid, d) calcium palmitate, e )  collagen, f) water. Dotted lines in 
combination with arrows indicate characteristic bands: 1) protein amide NH 
stretch (centered at  -3300 cm-I),  2) olefinic CH stretch (-3010cm I ) ,  


3) triacylglycerol carbonyl CO stretch (z 2740 cm- I), 4) carboxylic acid carbonyl 
CO stretch (-1700 cm-I), 5) protein amide I (-1650 cm-I), 6) carboxylate CO 
atretch ( %  1575 cm- I ) ,  7) carboxylate CO stretch (1 540 cm- I, d), as well as protein 
amide 11(1540cm~' .e) .  The broadcarboxylOHbdnd(3200to2400 cm-')offatty 
acids and the absorptions of water are not designated. 


Evaluation of the I R  spectra is based on characteristic absorption bands of 
suitable reference compounds: triacylglycerols (tripalmitate, tristearate, and 
trioleate), fatty acids (palmitic, stearic, hydroxystearic, oleic, and linoleic 
acids), calcium salts of fatty acids (palmitate and stearate), and proteins 
(keratins and collagens). Spectra of representative reference compounds are 
presented in Figure 2. 
The characteristic spectral features that can reliably be used for an Identifica- 
tion of the main compound classes are indicated. Distinction of water and 
amide N H  stretching bands relies on absorptions at  lower wavenumbers. The 
higher frequency carboxylate band shows an unusual splitting for crystalline 
calcium salts of fatty acids. In contrast to previously published 
we find that vibrational spectra are not capable of reliably distinguishing 
between the two major skleroproteins of dermis (98 % collagen) and of epi- 
dermis (58 % keratin). 


Results 


Recent human tissues: The spectra of ante-mortem (Al)  and 
post-mortem (A2) skin samples were similar (Figure 3). Both 
A1 and A 2  yielded almost pure protein and water IR spectra, 


Figure 3. 1R spectra of A-type akin samples 


with only very weak absorptions due to triacylglycerols. Olcfinic 
CH absorption by unsaturated lipids was detected following the 
pressing out of liquids from A2.  No gross structural degrada- 
tion occurred in A3  (following the freeze-drying of A2); due to 
absence of water absorptions, both the amide NH stretching 
and olefinic CH bands became clearly discernible. The spectrum 
of the outer skin surface (A3") was dominated by proteins, 
whereas that of the inner side (A 3') contained more triacylglyc- 
erols. A4" possessed all the skin layers (Figure4), with the 
cornified layer (stratum corneum, arranged in a basketweave 
pattern rather than in the normal sheet arrangement) being well 
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Figure 4. Structure of human skin 


differentiated from the basal layers (stratum germinativum) of 
the epidermis. Despite the partially degraded epidermis the 
basal layer cells were shown to be intact by monitoring 


their nuclear integrity 
with chromatin staining 
(Figure 5). Chromatin- 
stained nuclei were also 
noted for the dermis, 
subcutaneous adipo- 
cytes, muscles, and 
glands. Epidermis pre- 
servation was immuno- 
histochemically demon- 
strated by using anti- 
cytokeratin staining: 
AE 1/AE 3 for the basal 
layer of the epidermis 
(as well as glandular re- 
mains), and # 1 specifi- 
cally for the squamous 
epithelium with lost epi- 


Figure 5 .  Trichrome staining of A 4  showing dermis in A4h serving as 
the epidermis with part of the dermis control. Proteins and 


unsaturated and satu- ( x  320). 


rated triacylglycerols 
predominated the IR spectra of A 4" (Figure 3) with water and 
proteins appearing more abundant in this sample than in A4'. 
As a consequence of epidermis disintegration in A4b, the char- 
acteristic protein bands were almost totally absent. A4b closely 
complies with the pure trioleate reference spectrum, with the 
unique band at 1550 cm ~ probably due to noncrystalline car- 
boxylates. 


IR spectra of B-type samples (Figure 6) differ from those of 
the A-type in that the lipids have been at least partly trans- 


1 2  34567 


. .  . .  . .  
. .  . .  
: .  . .  . .  


4000 3000 2000 1500 1000 cm-' 


Figure6. IR spectra of B-type skin samples. The insert displays the 1280 to 
1180 cm-' range of B4, palmitic acid, and stearic acid (from top to bottom). The 
uppermost two patterns are nearly identical, but differ significantly from the 
lowest one. 


formed into fatty acids, and their carbonyl CO bands have been 
shifted to lower wavenumbers as a result. Trichrome staining 
revealed that the stratified epithelium of the epidermis of B 1 
had disintregated into a basketweave pattern, with no detectable 
chromatin. The epidermis itself had become completely de- 
tached from the dermis, remaining anchored to the latter by 
firmly rooted scalp hair. Remains of the epidermis were stained 
an intense red, whereas the papillary and reticular dermis layers 
below were clearly discernible by differential green staining of 
the collagen bundles. Hair follicles were demonstrated by stain- 
ing the shafts for collagen (though chromatin staining was inef- 
fective), with the fat tissue below the dermis showing its typical 
honeycombed pattern of fat lobules. Trichrome and anti-cytok- 
eratin AE l/AE 3 staining differentiated sweat glands from gen- 
eral adnexal structures and, combined with anti-cytokeratin 
# 1, clearly displayed remnant epidermis. Despite its complete 
transformation into typical white and homogenous adipocere, 
B 1 yielded different spectra for the outer (B 1") and inner sides 
(B 1') of the tissue. The spectrum obtained for B 1" resembled 
that of pure protein, with only very weak indications for the 
presence of triacylglycerols and unsaturated components. The 
carboxyl OH band of fatty acids was clearly discernible, though 
that for the carbonyl CO was hidden by the strong amide I 
band. Reduced triacylglycerol and protein content in combina- 
tion with abundant fatty acids (clearly evident from their char- 
acteristic carboxyl OH and carbonyl CO absorptions) in B1' 
resulted in their B-type classification. A minor signal on the high 
wavenumber side of the carbonyl CO band pointed to the pres- 
ence of very small amounts of triacylglycerols, while another mi- 
nor band demonstrated the presence of unsaturated components. 
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B 2 to B 5 showed several histological similarities, such as loss 
of epidermis and degradation of chromatin, muscles, vessels, 
nerves, glands, and hair follicles, with B 2 additionally demon- 
strating loss of the dermis. Trichrome staining of B 3 displayed 
woven collagen bundles within the reticular dermis as the outer 
layer. Samples B4 and B 5 had loose collagen fibers resembling 
papillary layers above the reticular dermis. Subcutaneous fat 
lobules displayed signs of preservation in samples B 2  to B 5 and 
were separated by fibrous interlobular septae of collagen. Fun- 
gal spore-like granules were noted, with further anisotropic min- 
eral particles detected on the reticular dermis of B3. Spectro- 
scopically, the collagen differences seen with trichrome staining 
were not detected since proportionally very little protein was 
present. These spectra showed fatty acids without olefinic 
groups as the predominant components of adipocere, but no 
proteins. Small amounts of triacylglycerols were detected in B 3 
by a weak absorption band at 1740 cm- I ,  and with less certain- 
ty, in B 5 by a corresponding weak shoulder (similar to B li). 


Being highly amenable to spectroscopic analysis, fatty acids 
can be individually identified. Thus, in B4 we accurately deter- 
mined that palmitic acid rather than stearic acid was the primary 
component of the sample's adipocere (insert of Figure 6). Func- 
tional groups within fatty acids such as hydroxyl OH (3550 to 
3400 cm-') may also be detected, facilitating our putative iden- 
tification of hydroxy fatty acids within adipocere (known con- 
stituents thereof"]) and most prominent in B 3. The band repre- 
senting hydroxyl OH in B 1 may have been hidden by the strong 
amide NH stretching band, since it was unambiguously detected 
chromatographically. Calcium salts of fatty acids (putative con- 
stituents of adipocererIo1) were detected in B2 and in larger 
amounts in B3. 


Iceman's skin: Trichrome staining revealed collagen bundles ar- 
ranged in parallel layers within the reticular dermis (Figure 7). 
As observed in the more recent samples, lobules of subcuta- 
neous fat separated by fibrous interlobular septae of collagen 
were preserved, but nuclei and other cellular structures had been 
lost. Dense tubular structures, probably ducts of glands, were 


located in the subcuta- 
neous fat. Polarization 
microscopy displayed 
anisotropic mineral par- 
ticles on both surfaces 
of the sample. With the 
epidermis lost, no cy- 
tokeratin properties (OF 


any signs of stratified 
squamous epithelium) 
were detected above the 
remaining reticular der- 
mis. 


IR spectra of the out- 
er (CO) and inner (C) 
side of Iceman's skin 
are shown in Figure 8. 
Bands due to proteins 
(amide I and I1 between 


and amide NH stretch 


Figure 7.  Trichrome staining of Iceman's 
skin showmg the dermis with subcutaneous * 650 and cm ' 
fat ( x  63). 


4000 3000 ZOO0 I500 1000 cm-l 


Figure 8. IR spectra of Iceman's skin 


at z 3300 cm- ') were clearly detectable in C". Also observed 
were the following: a carbonyl CO band (1740 cm-') for tria- 
cylglycerols, a weak band (3010 cm- l )  for unsaturated groups, 
and some evidence of fatty acids (3000 to 2500 cm-'). As with 
Bl", the carbonyl CO band of fatty acids in C" was hidden. 
Similarly to the B 1" and B 1' samples, protein absorptions seen 
in C" were significantly reduced in the fatty-acid rich C' (note 
corresponding carboxyl OH and carbonyl CO bands). The two 
dominant carboxylate bands (1575 and 1540 cm- ') for calcium 
salts of fatty acids observed in B 2  and B 3 were also detected in 
c'. There was no indication for unsaturated components in C', 
and triacylglycerols could only be estimated from a very weak 
shoulder at the high wavenumber side of the acid carbonyl 
band. From the above it would appear that some of the triacyl- 
glycerols within the layer of the surviving dermis remained un- 
changed, whereas those below were almost completely trans- 
formed into saturated fatty acids. 


Discussion 


The histology of Iceman's skin confirmed the complete loss of 
the epidermis,[22% 23J in contrast to previous investigations 
claiming its preservation.[" 2 1 1  Furthermore, destruction of 
cellular structures may have taken place as a result of combined 
osmotic and other physical effects due to extensive water immer- 
sion, together with enzymatic, microbial, and chemical degrada- 
tive processes. Nevertheless, dermal collagen fiber survival re- 
sulted in the preservation of the gross structure of Iceman's skin. 
Collagen is relatively resistant to both chemical and proteolytic 
degradation, and its breakdown by metalloproteinases requires 
normal body temperature for maximum activity.r241 


Iceman's corpse showed no major signs of putrefaction (e.g. 
preserved eyeballs and dermis), though his epidermis, hair, and 
nails were absent.rz51 Normally associated with the early stages 
of this *'I the observed loss of keratinous tissue may 
have been due to skin wrinkling (washerwoman's handsrz8]), 
that is, disintegration of the epidermal basal membrane during 
water immersion resulted in detachment of the epidermis and its 
subsequent disappearance. We therefore propose that Iceman's 
corpse was first submerged in water for at least one[283 to three 
months and only then desiccated, since the reverse would have 
resulted in the diminished secondary swelling capacity of the 
connective tissue, with the subsequent preservation of the hair 
and nails. 


1036 - VCH Verlagsgesellschaft mbH 0-69451 Weinheim 1997 0947-6539/97/0307-1036 3' 1750+ 5010 Chem Eur J 1997, 3, NO 7 







Iceman's Mummification 1032- 1038 


Unlike other cellular components, lipids d o  not disperse in 
water but remain associated with tissues, though perhaps struc- 
turally altered. Fatty acids (the intermediate breakdown prod- 
ucts of triacylglycerols and phospholipids) were more promi- 
nent in Iceman's skin than any other lipid component, proving 
a certain degree of lipid transformation and subsequent preser- 
vation. Spectra of the inner side of Iceman's skin (C') resembled 
adipocere (B 3 to B 5) with fatty acids as the predominant lipids. 
Hydroxy fatty acids characteristic of a d i p ~ c e r e [ ~ ]  were detected 
by GCMS, but not by IR spectroscopy, since the high wavenum- 
ber range was covered by strong amide NH stretching bands. 
The lipid composition of C' strongly indicated mummification 
due to  adipocere formation, despite the sample appearing desic- 
cated at  first glance."] Closer inspection of Iceman's face (Fig- 
ure 9) revealed accumulation of adipocere beneath the desiccated 
dermis, causing light-colored spots (etat mammelone[* 'I). 


Figure 9. Iceman's oral area with typical light spots of "itat inammelone" a t  the left 
cheek (indicated by an arrow). 


IR spectra of C" and C' indicated abundant proteinaceous 
structures in the outer layers, whereas lipoidal constituents pre- 
dominated in the inner layer (cf. A 3"/A 3' and B 1"/B 1 '). This 
corresponds to the normal anatomy of this section of human 
skin (Figure 4), demonstrating a high degree of tissue preserva- 
tion. Calcium salts of fatty acids were additionally present in C' 
(cf. B 2  and B 3). Triacylglycerols remained relatively unchanged 
in C", while their hydrolysis into fatty acids in C' was nearly 
complete. Furthermore, unlike in C" unsaturated compounds 
were absent in C'. GC analysis of four fractions of the Iceman 
sample demonstrated a declining gradient of triacylglycerols 
and unsaturated fatty acids from the outer to the inner side. This 
is in agreement with adipocere formation, which begins in the 
subcutaneous fat deposits and proceeds upwards to the neigh- 
boring tissues. 


Transformation of human fat by microbes into adipocere usu- 
ally takes several months and requires humid or waterlogged 
conditions as well as temperatures above freezing.['". 301 Based 
on our observations of loss of epidermis and formation of 
adipocere we conclude that the Iceman was immersed in water 
for several months. With the necessary precaution we list further 
evidence supporting our hypothesis : 


1) A warm period during Roman times may have caused the ice 
containing the corpse to melt.[311 


2) Most of Iceman's belongings as well as his hair and nails 
were partly recovered below and slightly downhill of the 
corpse, indicating a water drift.[321 


3) His near-pure copper ax was postulated to  have been in use 
and was covered by a water patina typically formed after 
extended exposure to a humid environment.['] 


4) The remarkably good state of preservation of Iceman's 
footwear, a t  the lowest point of the body (and furthest away 
from the water-air interface), indicates that the ice covering 
his feet had melted for a shorter duration than it had for the 
remainder of the corpse. This lends support to  our hypothe- 
sis that portions of the corpse may have been exposed to 
water to a varying extent. 


The list can be extended to  include microbiological evidence: 


5) The discovery of diatoms and cysts of a Chrysophycearn alga 
on Iceman's equipment further indicated water immer- 
s i ~ n . [ ~ ~ ]  


6) A Micrococcus species probably associated with human skin 
rather than clothing was found on Iceman's cloak and 
footwear. Epidermal loss and its subsequent translocation to 
the clothes may explain this finding.[341 


7) Two putative mesophilic fungi (T2709 and T44NS-4) were 
also found on Iceman's clothing suggesting a warm interval 
during his interment.[351 


Physical deformations incurred by the corpse further add to the 
list of evidence: 


8) The Iceman was found lying face down with his head resting 
on an ice-covered rock. Particular deformations of soft tis- 
sue in his face and other secondary morphological changes, 
as well as the extensive shift of the left arm towards his 
upper right side describe a rotation of about 90" around the 
central axis of the body.[" Though this was earlier proposed 
to be due to slight ice pressure,L3] we argue that the rotation 
from lying on his left to lying face down may have been 
effected by floatation in water (the usual posture of a freely 
floating body is face down). The facial deformations to his 
left side may have been due to his corpse being subsequently 
dragged over the rock as the water receded. 


9) It is not likely that the skin lesion in the perital region of 
Iceman's head was due to predation since no feeding marks 
were observed.[3' Being the highest point of the corpse, this 
part of the head may have protruded from the water and 
had been exposed to the environment, where it sustained 
physical damage. 


10) In forensic practice we observe that components of the cra- 
nial sutures disintegrate during prolonged water immer- 
sion. Iceman's skull  deformation^'^^] may have been due to  
softened cranial sutures following water exposure. 


11) Muscle-fiber contraction is inducible post-mortem; how- 
ever, this was not demonstrated for Iceman, pointing to 
partial muscle decomposition. For this to  occur, the corpse 
had to  have been hydrated and soft.[37' In view of the cli- 
mate a t  the site, thawing of the corpse would be most un- 
likely without the concomitant immersion in water. 


12) DNA degradation noted for the Iceman[381 suggested that 
the corpse was not always frozen and protected from such 
DNA damage. 


Taken together, the facts listed above point to the following 
probable scenario. Shortly after his death at  the site of discovery 
in that prehistoric early autumn, Iceman's corpse was covered 
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by snow and ice. At some later stage, perhaps during Roman 
times, his sheltered corpse thawed and became immersed in the 
water collecting within the depression where it lay. During this 
brief warm period, most of the physical damages incurred by the 
corpse, as well as the formation of adipocere and loss of epider- 
mis took place. In light of its excellent preservation, it would 
seem likely that desiccation of the corpse occurred shortly after 
its immersion in water. The desiccated remains were subse- 
quently recovered from the ice in 1991. 
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Triprotonated Hydrogen Sulfide : Pentacoordinate Sulfonium Trication SHZ + 


and the Search for Its Parent Pentacoordinate Oxonium Trication OH: + ** 


George A. Olah," Golam Rasul and G. K. Surya Prakash 


Abstract: The pentahydridosulfonium tri- 
cation SH;' was found by ab initio MP2/ 
6-31G** and QCISD(T)/6-311G** levels 
of calculation to be a stable minimum 
with C, symmetric structure 1. It is 
isostructural with the parent pentacoordi- 
nate carbonium ion CH:. Structure 1 re- 
sembles a complex between SH;' and 
molecular hydrogen forming a 2 e- 3 c 


bond. This structure involving a pentaco- 
ordinate sulfur atom is unprecedented. 
Rotation of the H, unit around the pseu- 


do-C, axis of SH, is facile. The structure 
of SF:' was also calculated and com- 
pared with that of 1. In addition, our stud- 
ies at the ab initio MP2/6-31G** level 
showed that the parent pentacoordinate 
oxonium trication OH:+ is not a mini- 
mum on its potential energy surface, and 
dissociation into OH:+ and H +  occurs 


Keywords 
ab initio calculations * gold * isolobal 
relationship * sulfonium trication - 


upon optimization. superelectrophiles 


Introduction 


Experimental evidence for the formation of the parent oxonium 
dication H 4 0 z +  as an intermediate in superacids was reported 
by Olah et al. a decade ago."] Hydrogen-deuterium exchange 
in isotopomeric H,O+ species in superacids was found to occur 
with increasing acidity of the medium. This exchange was sug- 
gested to proceed by an associative mechanism involving 
H402+  dication."] Like the hydronium ion, the sulfonium ion 
H,S+ was also found to undergo proton-deuterium exchange 
in superacids, indicating the formation of H4S2+ dications.[21 
Calculations showed that Td symmetrical structures of H,OZ + 


ion['] and H,S2+ ion['] are the global minima on their potential 
energy surfaces. These dicdtions were calculated to have consid- 
erable kinetic barriers towards deprotonation. 


Using gold(1) organometallic fragment (LAu') as an isolobal 
substitute for H +  (two fragments are considered to be isolobal 
if their symmetry properties, approximate energy, shape of fron- 
tier orbitals, and number of electrons are similar),[31 Schmid- 
baur et al. were even able to prepare dipositively charged tetra- 
hedral gold complexes of oxygen,[41 [{(o-CH,-C,H,),PAu},- 
012+, and sulfur,[5a1 [{(C,H,),PAu},S]2+, and determined their 
X-ray structures (Scheme 1). Substantial metal-metal bonding 
makes them stable and even isolable as crystaIline salts. These 
gold complexes are isolobal analogues of OH:+ and SH:', 


Scheme 1. isolobal complexes of oxygen and sulfur. 


respectively. More recently, Laguna et al.[5h1 prepared and 
identified in solution two gold complexes of sulfur, the pentaco- 
ordinate, trigonal bipyramidal trication [{ (C,H,),PAU),S]~ + 


and the hexacoordinate, octahedral tetracation [{(C,H,),- 
PAU},~]~ ' .  These are isolobal analogues of SH:+ and SH:++, 
respectively. However, no single crystal of the penta- and hexa- 
coordinate gold complexes derivatives could be Their 
structural characterization has significant implications i n  the 
study of superelectrophiles.[6] 


In continuation of our study of gitonic onium ions (dipositive 
ions with proximate positive charges) we have now extended 
our investigations to SHZ+ and found a minimum for an un- 
precedented pentacoordinate sulfonium trication by ab initio 
calculations at the correlated MP2/6-31G** and QCISD(T)/ 
6-31 1G** levels of theory. We also report our ab initio calcula- 
tional search for the parent oxonium trication OH;'. 


[*I Prof. Dr. G. A. Olah, Prof. Dr. G. Rasul, Prof. Dr. G. K.  S. Prakash 
Loker Hydrocarbon Research Institute and Department of Chemistry 
University of Southern California, University Park 
Los Angeles, California, 90089-1661 (USA) 
Fax: Int. code +(213)740-5087 


Inorg. Chem. submitted. 
[**I Chemistry in Superacids, Part 29. For Part 28, see: G. A. Olah, G. Rasul. 


Calculations 


The geometry optimizations and frequency calculations were performed at 
the MP2/6-31G** level.[71 From calculated frequencies, the optimized struc- 
tures were characterized as minima, saddle-points, or transition-state struc- 
tures. For the MP2/6-31 G*'-optimized structures further geometry optimiza- 
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tions werc carried out a t  the QCISD(T)/6-331G** level. For improved 
energy, single-point energies a t  the CCSD(T)/cc-pVTZ[" level were comput- 
ed on QCISD(T)/6-31 IG**-optimized geometries. Calculated energies are 
given in Table 1.  Atomic charges and Lowdin"] bond order were obtained by 
meins of a natural bond orbital (NBO) analysis1i0"' (Figure 2). Zero-point 
vibrational energies (ZPE) were scaled by a factor of0.93 for MP2/6-31G**/i 
MP?;6-31G** and 0.95 for QC~SD(T)/6-3llG**//QClSD(T)/6-31IG** cal- 
culations. MP2/6-31 G** geometrical parameters and CCSD(T)/cc-pVTZ// 
QCISD(T)/6-31 IG** +ZPE (QCISD(T)/6-31 IG**//QCISD(T)/6-31 IG**) 
calculated energies will be discussed throughout, unless stated otherwise. 


Results and Discussion 


Further protonation of OH:+ would lead to the OH:' trica- 
tion. However, we found that the entire potential energy surface 
of the OH;+ trication is repulsive at  the a b  initio MP2/6-31G** 
level of calculation. The trication OH:' dissociates into OH:' 
and H +  upon optimization. 


There are, however, substantial differences between the bond- 
ing nature and chemistry of oxygen and sulfur. For  example, 
unlike oxygen the maximum coordination number of sulfur is 
not limited to 4, since d orbitals of sulfur may be utilized in 
bonding. At the MP2/6-31G** level the C,-symmetric form 1 is 
a stable minimum for triprotonated hydrogen sulfide, as con- 
firmed by frequency calculations.['oh1 No other minima (e.g. 
D3i,, C4" etc.) were found on the potential energy surface. Struc- 
ture 1 resembles a complex between SH;+ and a hydrogen mol- 
ecule forming a two-electron three-center (2e-3 c) bond (Fig- 
ure 1). This type of 2e-3c interaction involving sulfur atoms is 


(1.057) (1.056) 


SHs3+ 1 (C,) SH53+ 2 (C,) TS 


Figurc 1 .  MP2/6-31<;** structures of 1 and 2 (QCISD(T);6-31 lG**-Ievel values 
111 parentheses) 


unprecedented. The structure 1 is isostructural with the C,-sym- 
metric structure of the parent pentacoordinate carbonium ion 
CH;, which is considered to be the parent of nonclassical carbo- 
calions.[" - I 3 ]  


Thc sulfur atom in SHZc does not undergo formal expansion 
of the valence octet upon protonation, since no minima of SH:' 
other than 1 could be located on its potential energy surface. 
Structure 1, therefore, can be viewed 


Scheme 2 Protonation of SH: ' 


0.2 A longer than 2e-2c S-H bonds at  the same level of theory. 
The H-H distance in the 2e-3c bond is 1.028 A. This is also 
0.294 8, longer than that found for the hydrogen molecule at the 
MP2/6-31G** level of theory, and slightly shorter than that in 
H: (1.031 Aj .  The bond lengths given above for the 2e-3c 
system are also in agreement with the calculated Lowdin bond 
order (BO) of S-H (BO 0.52) and H-H (BO 0.29) in this system 
(Figure 2a) .  We also calculated the NBO charges of the ion 1 
(Figure 2 bj .  The calculated charge of sulfur atom of the 


(a) (b) 
Figure 2. a) Lowdin bond orders (BO) and b) NBO charges in the ion 1 Cdkulated 
at the MP2/6-31G** (QCISD(T)/6-33 1 G**--level values in parentheses) level of 
theory. 


trication is only f 0 . 3 5 ~ .  The hydrogen atoms therefore bear 
most of the positive charge. The amount of positive charge on 
each of the hydrogen atoms in 1 (i.e., both those involved in 
2e-3c and 2e-2c interactions) is almost equal. 


Calculations were also performed for the C,-symmetrical 
structure 2, which can be formed by rotation of the H, unit 
around the pseudo-C, axis of SH, in 1 (Figure 1). At the MP2; 
6-31G** level the structure 2 is a transition state as it contains 
one imaginary frequency (i.e. NIMAG = 1 j in its calculated IR 
spectrum and lies only 0.3 kcalmol-1 higher in energy than 
structure 1 (Table 1). At our highest level of theory (CCSD(T),' 
cc-pVTZ//QCISD(T)/6-311G** + ZPEj the energy difference 
between 1 and 2 vanished. Thus, the rotation of H, unit around 
the pseudo-C, axis of SH, of 1 via transition state 2 is facile. 
Calculations on CH: carbocdtions have also shown the t-o- 
tation of the H, unit around the pseudo-C, axis of CH, to 
be facile.["' Optimizations of the structures 1 and 2 with 


as formed by insertion Of a Table 1 .  Total energies (harmer) and relative energies (kcalmol I). 
proton into one of the CY S-H bonds 
of SH:+ to produce a 2e-3c bond 
between sulfur and the hydrogen 
atoms (Scheme 2). MP2/6-31<i**//MP2/6-3lG** 398.62310 (19 1) [a] 398.62308 (19.1) [a] 0.0 0.3 


CCSD(T)/cc-pVTZ/iQCIsD(T)/631 IG** 398.75691 398.75691 0.0 0.0 


Energies (ZPE) Relative energies 
1 2 I 2 


.The S-H bond lengths in the 2e- QCISD(T)/6-3llG**i/QCISD(T)/6-31 IG** 398 70536 (17.9) [b] 398.70535 (17.9) [b] 0.0 0.0 


3 c system are 1.622 and 1.624 A at  final relative energies [c] 0.0 0.0 
the MP2/6-31C** level. Thus, as ex- 


[a] Zero-point vibrational energies (ZPE) at MP2,6-31G**//MP2;6-31G** scaled by a factor of 0 93. [b] ZPE at  
QCISD(T)i6-31lG**//QCISL)(T)~~6-31 lG** scaled by a factor of 0.95. [c] Final relative energies based on CCSD(T)' petted' the relatively defi- 


cient 2e-3c S-H bonds are about cc-pVTZ//QCISD(T)!/6-31 IG**+ZPE (QClSD(T)~6-311G**//QCISD(T)/j'6-311G**) 
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...--y-----;" 1 3+ 


/ '.., 
QCISD(T)/6-311G** had little effect on 


":.* i ,. the geometries; the S-H and H-H bonds 


Possible intramolecular hydrogen trans- 
fer in trication 1 through a C,,-type transi- 
tion state (Scheme 3) was also considered. 


Scheme 3. However, no such transition state could 
be located at the MP2/6-31G** or 


QCISD(T)/6-31 IG** levels. In contrast, a C,,-type transition 
state for hydrogen scrambling has been calculated for CH: ,[121 


Indeed, hydrogen scrambling in this system is extremely 
facile." '1 


Two possible dissociation pathways for trication 1 were con- 
sidered (Table 2, Eq. (1) and (2)). As expected, both are highly 


'-.* : ,.**' 3 : become slightly longer. 


H 


SH53+, CzV 


Tdhk 2 .  Possible dissociation pathways for trication 1 


Eq. AH (kcalmol-') [a] 


SH:' (1) + SH:+ + H i  (1) -257.2 
SH: ' (I) + SH:' + H: (2) -225.6 
SH:' (1) + SH:' + H, (3) + 124.4 


[a] At the CCSD(T)/cc-pVTZ//QCISD(T)/6-313G** + ZPE level of theory. 


exothermic; the dissociation into SH:' and H' [Eq. (I)] is more 
exothermic by 31.6 kcal mo1-l than the dissociation into SH;' 
and H: [Eq. (2)]. We also found that the gas-phase reaction of 
SH?' trication with H, forming SH:' (I)  is highly exothermic 
[Eq. ( 3 ) ] .  Interestingly, the SHi' '~adica1 dication has been ob- 
served in the gas phase by charge-transfer mass spectrometry 
(CTMS).[14] As our calculations indicate that the SH?' trica- 
tion should be stable, it might be possible to observe 1 in the gas 
phase by the reaction of SH:' and H,. The calculated D,, 
structure of SH:' is given in Figure 3. 


Figure 3. MP2/6-31G** structure of SH:' (QCISD(T)/ 
6-311G**-level values in parentheses). SH33+ @ill 


We also calculated the structure of SF:' and compared it 
with that of 1. Geometry optimization of SF;' at the MP2/6- 
31G** level gave a C,-symmetrical single-minimum structure 
(Figure 4), which resembles a complex formed by end-on coor- 
dination of F, with SF:'; the S-F, bond is long (1.824A). 
Unlike SH:' (l), SF;' does not contain a pentacoordinate 
central sulfur atom. In both cases, the sulfur atom does not 
formally expand its valence octet. SF:+ can be described as a 


F 


F 


S b 3 +  (Cd Figure 4. MP2/6-31G** structure of SF:' 


halonium ion type structure, that is, in [F,SFFI3+ the F,S group 
acts as a pseudohalogen. In contrast, Cheung et al. calculated 
that SF: has a trigonal bipyramidal structure at the MP,(FU)/ 
6-31G* level.~'sJ Five bonding electron pairs in SF: are dis- 
tributed around the sulfur atom in a standard trigonal bipyra- 
midal structure involving d orbitals. 


Conclusion 


The present ab initio molecular orbital study shows that the 
parent pentacoordinate sulfonium trication SH:' (I)  is a mini- 
mum on its potential energy surface, although its deprotonation 
is highly exothermic. Our studies at the ab initio MP2/6-31G** 
level also show that the parent pentacoordinate oxonium trica- 
tion OH:' is not a minimum on its potential energy surface, and 
dissociation into OH;+ and H + occurs upon optimization. The 
structure 1 resembles a complex between SH:' and a hydrogen 
molecule held together by a 2e-3c bond. This structure involv- 
ing a 2e-3c bond with a pentacoordinate sulfur atom is un- 
precedented. The system is isostructural with that of the parent 
pentacoordinate carbonium ion CH;. The rotation of H, unit 
around the pseudo-C, axis of SH, should be facile. We also 
calculated the structure of SF:' and compared it with that of 1. 
As our calculations indicate that the SH:' trication should be 
stable, it might be possible to observe 1 in the gas phase by the 
reaction of SH:' with H,. 
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Synthesis, Separation and Characterization of the Structural Isomers of 
Octa-tert-butylphthalocyanines and Dienophilic Phthalocyanine Derivatives 


SalomC Rodriguez-Morgade and Michael Hanack* 


Abstract: Octa-tert-butylphthalocyanina- 
tonickel(I1) (4) was synthesized from 33- 
di-tert-butylphthalonitrilc (1) and nickel 
acetate. A nonstatistical mixture of the 
four structural isomers 4a-d was ob- 
tained. The isolation of the structural 
isomers 4a-d by preparative HPLC 
(MPLC) allowed their unequivocal identi- 
fication and characterization by spectro- 
scopic techniques. Moreover, a new fami- 


ly of tert-butyl-substituted phthalocya- 
nines 6- 10 containing dienophilic func- 
tionalities were prepared by condensation 


Keywords 
dienophiles - isomer separation * 


macrocyclic ligands monomers - 
phthalocyanines 


of 3,5-di-terf-butylphthalonitrile (1) with 
6,7-dicyano-I ,4-epoxy-l,4-dihydronaph- 
thalene (5). The separation of the 
phthalocyanines 6-10 and of some of 
their structural isomers was accomplished 
by normal column chromatography. The 
structural isomers were characterized by 
spectroscopic methods in terms of their 
symmetry. 


Introduction 


Phthalocyanines (Pc) and their metal complexes['] (PcM) are 
the best-known derivatives of tetraazaporphyrins. These 
coloured macrocyclic compounds are not only of theoretical 
interest as heteroaromatic systems, but are also of wide practical 
importance because of their thermal stability, chemical resistiv- 
ity, and their electrical, optical or liquid-crystalline proper- 
 tie^.[^-^] However, the low solubility of the Pc ring system in 
common organic solvents represents a considerable problem, 
which reduces their usefulness. The solubility can be increased 
by introducing, for example, alkyl and alkoxy substituents at 
peripheral positions in the Pc framework. Because of their lower 
degree of order in the solid state, tetrasubstituted Pc's are more 
soluble than the corresponding symmetrical octasubstituted 
compounds." ~ 31 The use of these compounds, for example, in 
nonlinear optics or as macrocyclic monomers for the synthesis 
ofconjugated ladder polymers, demands the preparation of sub- 
stituted phthalocyanines as single structural isomers with the 
appropriate symmetry, bearing donor-acceptor substituents,[81 
and diene or dienophilic functionalities, respectively.t6. 7 ,  9, "I 


The synthesis of unsymmetrically substituted phthalocya- 
nines constitutes a difficult problem. These compounds have, 
with few exceptions, been synthesized by tetramerization of the 
corresponding substituted phthalonitriles or derivatives." - 


[*I  Prof. Dr.  Dr. h.c. M. Hanack. Dr. S .  Rodriguez-Morgade 
Lehrstuhl rur Orgdnische Chemie 11, Universitiit Tubingen 
Aul' der Morgensrelle 18. D-72076 Tiihingen (Germany) 
Fax: 1111. code +(7071)29-5244 
c-mail: hanacklci uni-tuebingen.de 


The lack of selectivity of this reaction means that mixtures of 
Pc's with all possible orientation patterns for the substituents 
are obtained. Thus, the self-condensation of an unsymmetri- 
cally substituted phthalonitrile yields phthalocyanine deriva- 
tives as statistical mixtures of structural isomers.["] Similarly, 
in a statistical condensation of two differently substituted 
phthalonitriles A and B, six possible phthalocyanines are ex- 
pected : two phthalocyanines containing identical subunits 
AAAA and BBBB, and the four mixed phthalocyanines AAAB, 
BBBA, AABB, and ABAB.[11-'31 


The problem of the poor regioselectivity in the synthesis of 
nonidentically substituted phthalocyanines, together with the 
low solubility of these macrocycles, must be overcome if utiliza- 
tion of these compounds in new molecular materials is to be 
achieved. Recently we reported for the first time the separation 
by chromatography of pure Pc structural isomers.['41 Further- 
more, there are very few examples where single structural iso- 
mers have been successfully prepared by using diverse substrates 
and  procedure^.['^ ~ '"' In these cases, electronic effects that 
favour single-isomer formation[". ' 81 or steric constrains that 
prevent the attainment of particular isomers['5, 1 6 ,  lU, have 
been suggested. Literature precedents demonstrate that substi- 
tution of phthalonitrile derivatives by bulky groups in the ortho 
position can change the isomer distribution in a mixed conden- 
sation of two differently substituted phthalic subunits, towards 
the formation of the less congested phthalocyanines, as a result 
of steric interactions during cyclization.[2 '1 


Our interest in the synthesis of conjugated ladder polymers 
stabilized with metallophthalocyanine subunits[6' '3 "1 led us to 
study diverse strategies for the preparation of phthalocyaninc 
monomers with the appropriate symmetry pattern ABAB, suit- 
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able for use as bisdienes or bi~dienophiles.[~~ 1 3 1  Based on previ- 
ous work," - 3 1  we envisaged that a phthalonitrile bearing two 
bulky substituents would be able to confer the desired solubility 
in organic solvents to the target phthalocyanines, and that 
derivatives with at least one of the substituents in the ortho 
position would be good candidates for our purposes. By substi- 
tuting the 3- and 5-positions of the phthalonitrile with the ster- 
ically demanding tBu group (1, component A), we expected to 
be able to suppress formation of the AAAB and AABB phthalo- 
cyanine isomers in the condensation with a second appropriate 
phthalonitrile (B) (5 in Scheme 2). Herein we describe the syn- 
thesis of 1 (Scheme 1) and its self-condensation with Ni(OAc), 
to form the PcNi compounds 4 (Figure l), and its mixed-con- 
densation with phthalonitrile 5 ,  which carries a dienophilic 
functionality (Scheme 2). All the obtained phthalocyanines and 
a large number of their structural isomers were separated by 
high-pressure liquid chromatography (HPLC), medium-pres- 
sure liquid chromatography (MPLC) or common column chro- 
matography. The structural isomers were unambiguously char- 
acterized by spectroscopic methods. 


to drive the reaction to completion. However, the yield of 
phthalocyanine obtained (86 %) was higher than the yields nor- 
mally reported for phthalocyanines substituted at the ortho po- 
sitions of the benzene ring.". 2 7 1  CNDO calculations for the 
metal-frec phthalocyanines 4 (cf. Figure 1) showed a reduced 
planarity for the C,, C,, and D,, isomers, owing to the steric 
interactioiis between proximal tBu groups. 


Results and Discussion 


3,s-Di-tert- butylphthalonitrile (1) had been prepared previously 
in a synthesis involving the reaction of 2,4-di-tert-butyl- 
cyclopentadienone1221 with a mixture of dichloromaleodinitrile 
and dichlor~fumarodinitri le[~~~ as the key step. However, this 
method is laborious and only marginal yields (< 1 %) are 
achieved, owing to the low yield of the cycloaddition of the 
dienone and the multistep procedure required for the prepara- 
tion of the cyclopentadienone itself. Furthermore, no thorough 
characterization of 1 (only melting point and the elemental anal- 
ysis) was given. 


Our synthesis of 1 (Scheme 1) follows a stepwise method in 
which the readily available aniline 2[241 is converted into the 
corresponding cyanide 3[241 by diazotization and transforma- 
tion of the diazonium compound by means of the Sandnieyer 
reaction.[251 Bromocyanide 3 was easily converted into the ph- 
thalonitrile 1 in a Rosenmund-von Braun reaction with copper 
cyanide in DMF. 


t I t 
2 


Scheme I Synthesis of 1 


3 1 


Self-condensation of 1 : The self-condensation of 1 was carried 
out by treatment with an excess nickel acetate in n-pentanol at 
139 "C, in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU).[261 The reaction was monitored by TLC until all start- 
ing material had reacted (4 days). This comparatively long reac- 
tion time, probably due to the steric hindrance of the substituent 
at the ovtho position of the dinitrile 1, was found to be necessary 


P+ 
4c (C2d 


Figure I .  The four structural isomers of 4. 


0-l- I 


The separation of the octa-tBu-PcNi structural isomers of 4 
(Figure 1) was achieved analytically by HPLC. The HPLC chro- 
matogram of compound 4 is shown in Figure 2. This shows that 
phthalocyanine 4 consists of a mixture of 2 %  D,,, 69%" C,, 


C, 
6.40 n 


Figure 2. HPLC chromatograni of octa-iBu-PcNi (4). Column, (o-nitropheny1)- 
quinoline-modified silica gel; flow, 1 5 mLmin- ' ;  peak detection 340 nm. 
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Table 1. ' H N M R  data of the four structural isomers of [(fBu),PcN11 (4) [a] 


b(W) 9.17 (d. 4J = 2.5 Hz, 4H)  9.54 (d, 4J = 2.5 Hz, 1 H) 
9.46 (d,  4J = 2.5 Hz, 1 H) 
9.40 (d, 4J = 2.5 Hz, 1 H) 
9.34 (d. 4J = 2.5 Hz. 1 H) 


8.19 (d, 4J = 2.5 Hz, 1 H) 
8.16 (d. 4J = 2.5 Hz, 1 H) 
8.12 (m, 2H) 


2.36, 2.35 (2% IXH), R', RI5  


2.03 (s, 9H) ,  2.00 (s, 9H) .  R', R2'  


1.74 (s, 9H) ,  1.77 (s. 18H). 
1.71 (s, 9H) ,  R', R", R", R2' 


S(H") 8.01 (d, 4J = 2.5 Hz. 4H)  


b(o-tBu) [h] 


i5(o-[Bu) [c] 


G(n7.tRu) 


1.94 (s, 36H). R ' ,  R". R15,  Rzi 


1.61 (s, 3hH),  R'. R9, R", RZJ  


9.52 (d, 4J = 2.5 Hz, 2H)  
9 34 (d. 4J = 2.5 Hz, 2H) 


9.61 (d, 4J = 2.5 Hz, 4 H )  


8.17 (d, 4J = 2.5 Hr,  2H) 
8 10 (d, 4J = 2.5 Hz, 2H) 


8.22 (d, 4J = 2.5 Hz, 4H)  


2.33 (s, 18H). RR,  R1* 


2.00 (s, 18H), R', RZs 


1.73 (S. 18H), 1.69 (s, lXH), 


2.41 (s, 36H), R1, Rn,  RI5,  RZ2 
- 


1.74 (s, 36H), R', RLU.  R'', R24 
R3 RIO Rlb 


1 1 ,R2' 


[a] 250 MHr. CDCI,, 25°C. [b] Nonproximal. [c] Proximal. 


23 % C,, and 6 Yo C,, isomers. The isolation of the four isomers 
on a preparative scale by MPLC allowed the unequivocal char- 
acterization of the D,,, C,, C,, and C,, isomers (4a-d) by 
spectroscopic techniques. 


The structures of the isomers were established by comparing 
the number of distinct aromatic protons Ha and Hb in the 
' H N M R  spectra (see Figure 3) with the expected patterns for 
each symmetry and by examining the different shifts of the tBu 


4 PzJ 


4 (CJ 


d H" 


d 


ppm 9.6 9'4 9.'2 910 8.8 816 8.4 8 2 S:O 


Figure 3 Aromatic rcgion in the ' H N M R  spectra of the four separated structural 
iwmers ofphthalocyanine 4 (250 MHr, CDCI,, 25 "C) 


groups attached to the benzene rings. The weak aggregation 
observed for 4 is remarkable and allows the NMR spectra to be 
recorded at normal concentrations, in contrast to other substi- 
tuted phthalocyanines that we have previously investigated." 4c1 


The 'H NMR data are listed in Table 1. 
Two sets of signals are observed in the aromatic region, in the 


range 6 = 9.6-9.1 corresponding to the H" protons, which are 
strongly deshielded by the phthalocyanine core, and in the range 
6 = 8.2-8.0 corresponding to the Hb protons.t141 Figure 3 
shows the 'HNMR spectra of the four isomers of 4 in the 
aromatic region. The C, isomer exhibits four different doublets 
of equal intensity for the Ha protons. Two more doublets, again 
of the same intensity as the first four, together with a broad 
signal of twice the intensity, correspond to the Hb protons. The 
isomer with C,, symmetry shows two doublets of equal intensity 
for the Ha protons, and two doublets corresponding to the Hb 
protons. In the spectra of the D,, and C,, isomers, again, only 
two types of aromatic protons can be distinguished, one doublet 
corresponding to the Ha protons and one to the Hb protons, 
with an integral ratio of 1 : 1. 


In the aliphatic regions, three sets of signals are clearly ob- 
served. The tBu groups located at the meta position of the ben- 
zene ring appear at around 6 = 1.7. The proximal and nonprox- 
imal o-tBu groups can also be clearly distinguished, since the 
electron density around proximal o-tBu protons is greater, and 
the corresponding signals in 'H NMR are thus shifted to higher 
field. Proximal tBu groups appear at 6 z 2.0, and nonproximal 
tBu groups at 6 ~ 2 . 4  (Figure 4). In this way, the D,, and the C,, 
isomers can readily be identified. The C,, isomer shows two 
signals tBu, at 6 = 1.74 and 2.41, and the D,, isomer two tBu 
sigiials at 6 = 1.67 and 1.94. 


The ' 3C NMR spectra of the C, and C,, isomers are in agree- 
ment with the proposed structures. The C, isomer shows four 
signals corresponding to the C" carbons and four assigned to the 
Cb carbons (see Experimental Section). Moreover, it is possible 
to observe seven different signals due to the quaternary tBu 
carbons C". The C,, isomer exhibits the two signals expected 
for the two equivalent C" carbons, and two signals in the range 
of the Ch carbons, while in the aliphatic region, the presence of 
four nonequivalent ~ B L I  moieties is indicated by four different 
C1' carbons. 


The UV/Vis spectrum of the least congested C,, isomer ex- 
hibits the smallest width of the Q-band (13.5 nm at half-width). 
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E 


ppm 2.5 2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 


Figure 4. Aliphatic region in the 'H NMR spectra of the four separated structural 
isomers of phthalocyanine 4 (250 MHz, CDCI,, 25 "C). 


The C, and C,, isomers turn out to be electronically identical, 
and the Q-bands are broadened and shifted to higher wave- 
length (by 15 nm) with respect to the C,, isomer. The broaden- 
ing is even more pronounced in the case of the D,, isomer: the 
width at half-width of 51.5 nm for the Q-band confirms the 
assigned structure.[141 


The distribution obtained for the structural isomers of 4 dif- 
fers considerably from the statistical ratio, which should be 
50% C,, 25% C,,, 12.5% D,, and 12.5% C4,.['l1 There are 
some precedents in the literature where only the less congested 
C,, isomers are obtained.[15. j 6 ,  19] H owever, the reasons for the 
preferential formation of a given isomer remain unclear.['6' It is 
worth noting that, in our case, the most (D2,) and least (C,,) 
congested isomers are formed as very minor components (2% 
and 6%,  respectively). In addition, the highly congested D,, 
isomer is very unstable and decomposes completely after some 
weeks. 


The formation of the different isomers 4 a - d  from 1 can be 
rationalized as follows: According the postulated mechanism 
for the formation of the phthalocyanine ring system in the pres- 
ence of a base,[26. 281 three dimeric species-E, F, and G (Fig- 
ure 5)-would be produced in the first step of the reaction. The 
lack of a template effect at the beginning of the formation of the 
phthalocyanine system has been previously suggested.[20, 2 8 1  


Taking into account the nonequivalence of the two cyano 
groups in 1, due to the 3,5-di-tert-butyl substitution,["] we ex- 
pect species E and F to be preferred (Figure 5). Because strong 
steric interactions disfavour the formation of dimers E and G 
and electronic effects additionally disfavour the formation of 
G,["I the dimer F might be formed selectively in the first 


H 


F 


t 
I 0 


Figure 5. Diineric species in the first oligomerization step of the self-condensation 
of phthalonitrile 1. 


oligomerization step. This would explain the observed final ra- 
tio of isomers: The dimerization of F in the presence of nickel as 
template or its condensation with two phthalonitrile subunits in 
the two possible orientations H and I (Figure 5) could yield the 
D,,, C, and C,, isomers. The formation of the D,, isomer is very 
unfavourable because it is highly congested, as demonstrated by 
its instability. Consequently, the combination of the F species 
with two phthalonitrile moieties would give preferentially a mix- 
ture of the C, and C,, isomers in a ratio of 3:1, which is in 
agreement with the experimental results. Likewise, formation of 
minor amounts of species E in the first step of the reaction 
would afford the C,, isomer as a by-product. 


In order to obtain further information about the self-conden- 
sation of 1, the reaction in the absence of the metal ion was 
attempted. The treatment of a phthalonitrile with lithium alkox- 
ide at low temperatures has been reported to yield single isomers 
of Pc derivatives.["* 16] Under these conditions a lithiated ph- 
thalocyanine is obtained, which can be converted into the metal- 
free analogue. However, reaction of 1 in the presence of lithium 
octanolate in n-octanol at 100 "C for four days gave no phthalo- 
cyanine. A cyclization with the substituents directed toward 
each other is evidently not possible in the absence of a template 
effect. The fact that F cannot undergo ring closure without 
producing steric hindrance might explain the observed result. 
Although based on known theories, the mechanism proposed 
here is only tentative. A more definitive explanation of the iso- 
mer ratio would require further mechanistic studies. 


Condensation of 1 with 5 (Scheme 2): The mixed condensation of 
dinitrile 5 [ ' O a 1  with 1 (3 equiv) was carried out with nickel ac- 
etate in n-pentanol in the presence of DBU for 56 h (Scheme 2 ) .  
Phthalonitrile 5 turned out to be more reactive than 1 and, to a 
large extent, underwent self-condensation after some hours. It 
was therefore necessary to add 5 periodically until all the ph- 
thalonitrile 1 had reacted (see Experimental Section). More- 
over, in order to reduce self-condensation of the di-tBu deriva- 
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R 


Ni(0Ac)z. 4H20 4 - AAAA 
Pentanol, DBu, 56h (see Fig. 1) 


5 
B 


N---N---N 


7b 
ABAB 


Scheme 2 Mixed-condensation of 1 and 5 


tive 1 in the absence of 5, an equimolecular amount of nickel 
acctate with respect to the amount of 5 was added with each 
portion of the latter. Under these conditions, a mixture coni- 
posed of all possible structures was obtained (Scheme 2). 


Pc 10,'' "I produced by self-condensation of phthalonitrile 5 ,  
was separated Crom the other Pc's by extraction of the feu[- 
butyl-substituted derivatives with dichloromethane. Separation 
of the phthalocyanines 4, 6, 7,  8 and 9 (order of elution) was 
accomplished by chromatography on silica gel, with toluene, 
chloroform, and chloroforni/tetrahydrofuran as eluents (see Ex- 
perimental Section), and their unequivocal characterization was 
achicved by MS, NMR, IR, UV/Vis and elemental analysis. 
Only very minor amounts of the AAAA pattcrn 4 (<0.5 %) was 
ohscrved. In contrast to our original assumption, similar yields 
were obtained for the AAAB (6) and ABAB (7) structures 
(Table 2). Furthcrmore, the ratio of AABB phthalocyanines 8 
to the desired ABAB compounds 7 was about 3 : 1 .  The most 
congestcd isomers 6 b  and 6d (AAAB form) and 8c (AABB 


w 


l ah le  2. Mixed-condensation of 1 and 5 .  


Pc Method 1 [a] Method 2 [a] Pc Method I [a] Method 2 [a] 
Yield ( O h )  Yield (%) Yield (%) Yield (YO) 


4 <0.5  7 a f 7 b  4 - 7 


6 a  1 3 8 a + 8 b  6[h] 5 
6 b  1.5 [h] 8 e  7 [bl 
6c 1 [b] 6 9 19 19 


~ 


6 d  3 ~ 10 19 15 


[a] Method 1:  pentanol, DBU. 139 "C, 56 h. Method 2 :  1) lithium octanolate. 
I-octanollTHF, 60 C, 36 h ;  2) Ni(OAc),, Pentanol, 139 'C, 4 h.  [b] Within the 
limit of error of ' H NM R .  


structure) were obtaincd as the major isomers for their respec- 
tive distribution patterns. 


The reaction of 1 and 5 in octanol, in the presence of lithium 
octanolate a t  60 "C, and further metalation of the obtained free 
Pc's with nickel acetate in n-pentanol afforded a mixture of 
the AAAB (6a-d), ABAB (7a,b), AABB (8a-c), ABBB (9) 
and BBBB (10) phthalocyanines. Under these conditions, no 
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B H' 
w Hb 


phthalocyanines with the tBu groups pointing toward each 
other (6b, 6d and 8c) were obtained (Table 2). 


Strictly speaking, phthalocyanine 7a exists as a mixture of 
two stereoisomers, differing in the relative syn and anti configu- 
rations of the 0x0 bridges attached to the B subunit.'7. Thus, 
four isomers are expected for compound 7, six for 8 and three 
for 9. In order to simplify the analysis, we will refer only to the 
isomerism associated with the tBu groups. 


The structures were established by comparison of their spec- 
troscopic data with those of related derivatives which we previ- 
ously reportedc7, and with those of the phthalocyanines 4. In 
addition, a 2D-NMR HMQC experiment for the 6d isomer 
allowed the assignments of most of the signals. The following 
different types of signals are observed in the NMR spectra of all 
the obtained phthalocyanine structures: In 'H NMR, there are 
three groups of signals in the aromatic region, one of which lies 
in the range 6 = 9.6-9.1, assigned to the Ha and Hc protons (see 
Figure 6) .['I As in the phthalocyanines 4, the Hb protons appear 
in the range 6 = 8.2-8.0. The third group of signals lies in the 
range 6 =7.5-7.0 and corresponds to the He protons.['] More- 
over, all spectra show a group of signals in the range 6 = 


6.4-6.0, which is assigned to the Hd protons.[71 The procedure 
used for the assignment of the tBu signals for compounds 4 can 


H* 


e 


BZ6 


6a 
CHCI, 


6c 


H' Hb 


I H '  
H' 


6a 


6b + 6c 


6c 


6d 


7a + 7b 


8a + 8b + 8c 


9 h 
ppm 2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 


Figure 7.  Aliphatic region in the 'HNMR spectra of the mixed phthalocyanines 
(250 MHz, 25°C; 6a, 6d, 9 in CDCI,; 6 b + 6 c ,  7a+7b, 8 a + 8 b + 8 c  in CD,CI, 


be applied in this case too (see Figure 7). The 13C NMR spectra 
of phthalocyanines 6, 7, 8 and 9 exhibit very characteristic sig- 
nals for the C" carbons in the range 6 = 143.4-142.6, and the 
rBu-substituted ortho and meta aromatic carbon atoms appear 
in the ranges 6 = 141.6-139.6 and 6 =132.2-231.5, respective- 
ly. As in phthalocyanines 4, the C" and Cb carbons can be 
distinguished at 6 = 117.6-116.2 and 126.2-125.6, respectively, 
while the Cc signals are observed at 6 =114.1-112.1. The qua- 
ternary carbons of the epoxy ring are found at 6 = 136.5-134.0, 
and the Cd carbons of the same ring at 6 = 83.0-82.2. In the 
aliphatic region, the C" quaternary carbons of the tBu groups 
are observed at 6 = 37.8-35.6. Proximal substituents appear at 
6 = 32.6-32.3 and nonproximal 0-tBu groups at 6 = 30.9-30.6. 
In addition, a group of signals between 6 = 32.0-31.7 is as- 
signed to the meta substituents of the benzene rings. 


AAAB isomers (6) : Compound 6 was obtained as a mixture of 
the four structural isomers 6a, 6b, 6c and 6d (Table 2). The 
isomers 6a and 6d were isolated by standard column chro- 
matography. The relative ratio of 6b and 6c was calculated by 
integration of the signals of the tBu groups in the 'HNMR 
spectrum before recrystallization. Since 6 b (metal-free) was not 
formed in the absence of a template, compound 6 c  (metal-free) 
could also be isolated from this reaction, thus allowing a clear 
characterization of all isomers. The UV/Vis spectra of the iso- 
mers 6a and 6 c  show a small splitting of the Q-band of 9 and 
6 nm, respectively, while the Q-band of 6 d  is red-shifted by 8 nm 
with respect to the former isomers. In the MS spectra the peaks 
corresponding to the molecular ions at mjz = 972/974 demon- 
strate the presence of the structures (6a-6d). 
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Figure 6 shows the 'H NMR spectra of the isolated Pc's 6 a, 
6c and 6d in the aromatic region. Phthalocyanine 6a exhibits 
two doublets corresponding to the Ha protons at 6 = 9.46 and 
9.59 (in a 2:l ratio); the former is assigned to the H" and H" 
protons (for numbering, see Figure 1). The two equivalent H' 
protons appear as a broad singlet at 6 = 9.15. The three Hb 
protons are observed at 6 = 8.24-8.21. Two broad singlets at 
6 ==7.32 and 6 = 6.22 correspond to the He and Hd protons, 
respectively. In the aliphatic region two types of nonproximal 
o-tBu groups are observed (Figure 7), at 6 = 2.37 and 2.40 in a 
ratio 2: 1 ; the former is assigned to the equivalent R' and R" 
tBu groups. The metu substituents appear at 6 = 1.76 (R'O and 
R") and 1.74 (R3) in a ratio of 2: 1. Compound 6c shows three 
doublets for the Ha protons and two different singlets corre- 
sponding to the magnetically nonequivalent H" protons at 
6 == 9.26 and 9.19. The three tBu groups at the ortho position 
(R', R8 and RI5) appear as three singlets in the range of the 
nonproximal groups. The NMR data of phthalocyanine 6b 
were taken from the mixture of 6b and 6c. Three different 
doublets for Ha protons and three additional doublets for Hh 
protons are observed. The nonequivalent H" signals appear as 
two broad singlets at 6 = 9.18 and 9.09. In the aliphatic region 
the neighbouring substituents R" and R" are observed at 
6 := 2.01, while the nonproximal o-tBu group R' appears as a 
singlet at 6 = 2.34 (Figure 7). In 13C NMR 6b exhibits two 
signals due to the C" carbons and two signals for the Cc carbons. 
Compound 6d shows three distinct doublets due to the H" pro- 
tons, and only one singlet at 6 = 9.17, which is assigned to the 
equivalent H" protons. Two proximal tBu groups at 6 = 2.02 
and 1.99, corresponding to the R4 and R8 substituents, are 
clearly observed, while the nonproximal RI5 moiety appears at 
6 = 2.34. In I3C NMR phthalocyanine 6d exhibits three signals 
in the range of the c" carbons and three signals in the range of 
the Ch carbons. Only one signal for the equivalent C' carbons 
and one for the Cd carbons are detected. In the aliphatic region, 
live different quaternary carbons corresponding to the six C" 
carbons are observed. 


A BAB isomers (7)  : Phthalocyanine 7 consists of a mixture of 
the structural isomers 7a  and 7b (Table 2). All spectroscopic 
data were taken from the mixture of these compounds. Thus, 
the MS spectrum shows the expected molecular ion peak at 
m/z = 926, 928. A split Q-band (26.5 nm) in the UV/Vis spec- 
trum is in agreement with the proposed ABAB structure. The 
'H NMR spectrum shows the characteristic signals for Ha, Hb, 
H', Hd and He protons (see Figure 6 for labels). Two types of 
signals corresponding to the tBu groups are observed. The o-tBu 
substituents appear in the typical range of nonproximal groups 
at 8 = 2.26 and 2.16 (Figure 7), in agreement with the ABAB 
structure; four different singlets correspond to the rn-rBu sub- 
stituents. In 13C NMR spectrum seven signals for the C" qua- 
ternary carbons are detected: these correspond to the four C" 
carbons of the nonproximal o-tBu groups and four C" carbons 
of the m-tBu groups. 


AABB isomers (8 ) :  Phthalocyanine 8 proved to be a mixture of 
the structural isomers 8a, 8b and 8c (Table 2) obtained in a yield 
of 6 % for the 8 a,b isomers and 7 YO for the 8 c isomer (deter- 
mined by integration of the signals due to the tBu groups in the 
'H NMR spectrum before recrystallization). However, the non- 


template reaction afforded only the less congested 8 a  and 8b 
isomers. The spectroscopic data are in good agreement with the 
proposed structures. The MS spectrum exhibits the expected 
peak at m/z = 926/928 corresponding to the molecular ion. The 
UV/Vis spectrum shows the characteristic Q-band at 671.0 nm. 
In 'H NMR, the signals corresponding to the H", Hh, H', Hd 
and He (see Figure 6 for labels) are clearly distinguished. A 
singlet at 6 = 2.07 (Figure 7), which is assigned to the R4 and R8 
proximal o-tBu groups of 8 c ,  confirms unequivocally the pro- 
posed AABB structure. The presence of the proximal ortho sub- 
stituents is also observed in the I3C NMR spectrum through a 
signal at 6 = 32.60. Moreover, seven magnetically different C" 
quaternary carbons are distinguished. 


ABBB isomers (9) : Phthalocyanine 9 was obtained as the major 
mixed-phthalocyanine form in both the template and nontem- 
plate reactions (Table 2). This compound proved to be less sol- 
uble than the other tBu-substituted phthalocyanines described 
here, and it showed a larger tendency to aggregate. The MS 
(FAB) spectrum exhibits the expected peak corresponding to the 
[M+H+] ion at m/z = 88lj883, in accordance with an ABBB 
structural pattern. The characteristic Q-band in the UV/Vis 
spectrum appears at 663.5 nm. The 'H NMR spectrum shows 
signals at 6 = 9.1-8.4, corresponding to one Ha and six H' 
protons, and signals at 6 = 8.21 and 8.13 corresponding to the 
Hb protons (see Figure 6 for labels). Different signals in the 
range 6 = 6.4-6.0, assigned to the six Hd protons, are observed. 
In the aliphatic region the nonproximal o-tBu group appears 
as three broad singlets at 6 = 2.33, 2.19 and 2.16; the m-tBu 
signals are observed at 6 = 1.85,1.82 and 1.81. The nonproximal 
o-tBu group is also distinguished in the I3C NMR spectrum 
through a signal at 6 = 30.86; a signal at 6 = 32.03 is assigned to 
the m-tBu. 


Distribution of isomers: It is difficult to explain the relative 
amounts of nonidentically substituted phthalocyanines ob- 
tained, because of the number of different intermediates in- 
volved in a statistical condensation of two differently substitut- 
ed phthalonitriles. Theoretically, a mixed-condensation of two 
phthalonitriles A and B would give a statistical distribution of 
the isomers, depending on the molar ratio of A and B.[*'] How- 
ever, these percentages are strongly affected by the different 
natures of the starting phthalonitriles. In our case, the forma- 
tion of phthalocyanines containing a larger amount of the B 
moieties is due to the higher reactivity of phthalonitrile 5 in 
comparison to 1, leading to a higher yield of the ABBB form 9, 
even if an excess 1 is used. On the other hand, the nonsymmet- 
rical substitution of 3,5-di-tert-butylphthalonitrile (1) gives rise 
to different numbers of isomers. Thus, four isomers are ob- 
tained for phthalocyanine 4, four isomers for 6, four isomers for 
7, six isomers for 8 and three isomers for 9. A higher number of 
isomers means a higher number of combinations for the 
phthalodinitrile units and, consequently, a higher yield of this 
phthalocyanine (e.g. 4, 6 etc.). It is remarkable that the most 
congested isomers with proximal tBu groups were not obtained 
in the nontemplate reaction. This result, which is in accordance 
with that obtained in the self-condensation of 1, indicates that 
a cyclization in which the tBu groups point toward each other 
is impracticable under these conditions. 
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Conclusion 


We have prepared octa-tert-butylphthalocyanine derivatives 
and a variety of new soluble phthalocyanines bearing 
dienophilic functionalities and tBu substituents in the ortho and 
meta positions of the benzene ring. The weak aggregation of 
these systems in soIution allowed the unequivocal identification 
of the isomers and a detailed study of their spectroscopic prop- 
erties. The use of some of the obtained soluble dienophilic 
phrhalocyanines as substrates in Diels-Alder polymerizations 
for the synthesis of conjugated ladder polymers is in progress.[61 


Experimental Section 


General: Reactions were performed under dry nitrogen, and all solvents were 
purified according to standard methods. NMR spectra were recorded on 
Bruker ARX250, IR spectra on a Bruker IFS48, mass spectra on a Variant 
MAT711, and UV/Vis spectra on Shimadzu UV-2102 PC spectrometers. 
Elemental analyses were carried out using a Carlo Erba elemental analyzer 
1106. HPLC were conducted using Beckmann System Gold (Autosampler 
507, programmable solvent module 126 and diode array detector module 168) 
and Kronlab systems (Mastercron 4 high performance pump, Dynamax ab- 
sorbance detector module UV-1 and Gilson fraction collector Model 201). 
Melting points were measured on a Gallenkamp melting point apparatus and 
are uncorrected. Compound 2 was prepared by literature proceduresrz41 start- 
ing from commercially available 3,5-di-tert-butylaniline. 


2-Bromo-l-cyano-3,5-didi-tert-butylbenzene (3): Concentrated sulfuric acid 
(4.6 mL) was added gradually and with stirring to a solution of 2-bromo-3,5- 
di-rert-butylaniline (2) (3 g, 10.55 mmol) in acetic acid (4.2 mL) and water 
(4.2 mL) . The mixture was heated to complete solution and then cooled down 
to 0°C in an ice bath. The aniline sulfate thus obtained was diazotized with 
NaNO, (1.11 g, 16.1 mmol) in water (2.5 mL) at O T ,  by adding the nitrite 
solution dropwise within about 15 min. Stirring was continued for additional 
15 min at 0 "C until a yellow-clear solution was obtained. The solution of the 
catalyst was prepared as follows: CuS0,.5Hz0 (3.15 g, 12.6mmol) was 
dissolved in water (7.8 mL), and ice (5.25 g) was added. With vigorous stir- 
ring, a solution of KCN (3.42 g, 52.6 mmol) in water (7.8 mL) was added. The 
temperature of the mixture was kept below 20 "C to prevent excessive forma- 
tion of Cu,(CN), . A voluminous precipitate was first produced and then a 
light-brown solution. NaHCO, (7.02 g, 83.5 mmol) and toluene (7.8 mL) 
were added to this solution. The mixture was heated at 50 "C, and the solution 
of the diazonium compound added dropwise with vigorous stirring within 
about 20 min. After addition of toluene (200 mL), the organic layers were 
separated, washed with a solution of NaOH (2N) and with water, and dried. 
A second extraction was performed with diethyl ether, and the ethereal layers 
were washed with NaOH (2N) and with water, and dried. The combined 
organic layers were filtered and evaporated, and the crude product was chro- 
matographed on silica gel using a mixture of hexane and dichloromethane 
(5:4) as eluent. Yield: 1.64mg (53%), m.p. 98°C (lit.[Z4i 97.5-985°C). 
'HNMR (250 MHz, CDC1,): S =7.61 (d, , J =  2.4 Hz, l H ) ,  7.44 (d, 
' J  = 2.4Hz, IH) ,  1.46 (s, 9H, C(CH,),), 1.24 (s, 9H, C(CH,),); I3C NMR 
(250 MHz, CDCI,): 6 =150.89, 149.18, 129.66, 129.58, 121.49, 118.80, 
118.67, 37.50, 34.97 (2C''). 30.00, 29.67 (2C2'); IR (KBr): S = 3001, 2964, 
2872,2230 (CN), 1585,1479,1466,1418,1396,1365,1271,1256,1232,1200, 
1176,1143,1028,891 cm-'; MS (70 eV, EI): m / z  = 293,295 [M+], 278,280, 
250, 252. 


3,5-Di-tert-butylphthaloNtrile (1): CuCN (636.6 mg, 7.1 mmol) was added to 
a s o l u t h ~  of 3 (1.39g, 4.7mmol) in DMF (25 mL), and the mixture was 
heated under N, at 153 "C for 27 h. After cooling, the reaction mixture was 
poured in a concentrated ammonia solution (50 mL), and the blue suspension 
was left overnight under a current of air. The green solid was filtered, washed 
with water until pH = 7  and dried. The crude product was extracted with 
dichloromethane in a Soxhlett for 24 h. After evaporation of the solvent the 
residue was chromatographed on silica gel using as eluent a mixture of 
dichloromethane and hexane 2: l .  Yield 1.05 g (78%), m.p. 134-136°C 
(lit'"] 131-132°C). 'HNMR (250MHz, CDCI,): 6 =7.74 (d, 4J=1.8 Hz, 


IH) ,  7.64 (d, 4 J = 1 . 8 H ~ ,  1H). 1.56 (s, 9H, C(CH,),), 1.33 (s. 9H, 
C(CH,),); I3C NMR (250 MHz, CDCI,): 6 = 156.97, 155.46, 149.18, 129.00, 
127.80. 118.67, 116.86, 116.57, 111.14, 36.37, 35.74 (2Ci'), 30.80, 3007 
(2C"); IR (KBr): S = 2963,2910,2873, 2226 (CN), 1593, 1483, 1466, 1410, 
1400, 1369, 1267, 1240, 1213, 903 cm-I; MS (70eV, EI): m/z = 240 [M'], 
225, 197. 


Self-condensation of 1-template reaction: A mixture of 1 (200 mg, 
0.84 mmol). nickel acetate tetrahydrate (100 mg, 0.40 mmol) and DBU (four 
drops) in n-pentanol(12 mL) was heated at 139 "C under nitrogen for 4 d. The 
cooled green solution was poured into methanol/water (5: l ;  70 mL), and the 
suspension was centrifuged. The filtrate was removed and the solid was 
resuspended in methanol, filtered and dried. The purification of the crude 
product was performed by column chromatography on silica gel using hex- 
ane/dichloromethane 2: 1 as eluent. Further recrystallization from dichloro- 
methane/methanol gave 4 as a green powder. Yield 192 mg (86 %). MS (FD): 
m/z =1020,1022 [M+H+J,  1019, 1021 [MA]; C,,H,,N,Ni (1020.08): calcd 
C 75.36%, H 7.90%, N 10.98%; found C 75.42%0, H 7.99%, N 10.70%. 
The isomers 4 were separated by HPLC. Column: (o-nitrophenyl)quinoline- 
modified silica gel; ~ ~ ' 1  1.5 mlmin- ' .  Eluent gradient: 0 min, 100% hexane; 
1 min, 75 O h  hexane/25 %a chloroform; 5 min, 20 YO hexane/80 O/B chloroform. 
The isomers were purified by preparative HPLC: portions of 10 mg of ph- 
thalocyanine 4 in 10 mL of eluent were transferred to the preparative column 
(250 mm x 16 mm, with a precolumn 30 mm x 16 mm). Column: (o-nitro- 
pheny1)quinolinemodified silica 14 mLmin- ; eluent: 0.05% THF 
in hexane. 


(1,3,9,11,15,17,23,25-0cta-tert-butylphthalocyaNnato)nickel(11) (4a) : 
'HNMR (250 MHz, CDCI,): 6 = 9.17 (d, ' J =  2.5Hz. 4 H 7 ,  8.01 (d, 
4 J =  2.5 Hz, 4Hb), 1.94(s, 36H, C(CH,),, R', R", R", RZ5). 1.67 (s, 36H, 
C(CH,),, R3, R9, RI7 ,  RZ3; UV/Vis (CHCI,): A,,, ( E )  =708.0 (0.530), 680 5 
(0.309) sh (Q-band), 635.0 (0.125). 365.0 (0.220), 341.0 (0.309), 299.0 nm 
(0.455); MS (FD): m/z =1020, 1022 [MfH'], 1019, 1021 [Mi]. 


(1,3,8,10,15,17,23,25-Octa-terr-butylphthalocyaNnato)nickel(11) (4b) : 
'HNMR (250 MHz, CDCI,): 6 = 9.54 (d, " J =  2.5 Hz, 1 Ha), 9.46 (d, 
4J=2.5H~,1H"),9.40(d,4J=2.5H~,1H"),9.34(d,4J=2.5Hz,1H"), 
8.19 (d, 4J = 2.5 Hz, 1 Hb), 8.16 (d, 4J = 2.5 Hz, 1 Hh), 8.12 (brs, 2Hb), 2.36, 
2.35 (2s, 18H, C(CH,),, R8, R"), 2.03, 2.00 (2s, 18H, C(CH,),. R', R"), 
[1.74 (s, 9H), 1.72 (s, 18H), 1.71 (s, 9H), C(CH,),, R3, R'O, R", RZ3]; "C 
NMR(250MHz,CDC13):S =152.58, 152.45, 151.74, 151.67, 149.23, 149.17, 
148.49,148.45,147.34,147.23,146.88,146.80,146.47,145.96,145.03,~140.67, 
140.63, 140.06, 140.05, 132.11, 131.85, 131.38, 131.18 (C', C3, C8, C'O. CI5, 


, , )]. [125.97, 125.81, 125.51, 125.33 (4Cb)], [117.08, 116.90, 
116.65, 116.38 (4c")], [37.64, 37.61, 37.56, 35.95. 35.90, 35.68, 35.65 (8C')], 
32.29 (CH,, R', RZ5), 31.87, 31.80, 31.74 (CH,, R3, Rio, R", RZ3), 30.74, 
30.63 (CH,, R8, R"); IR (KBr): i = 2959, 2905, 2867, 1614, 1560, 1485, 
1464, 1393, 1362, 1267, 1113, 996cm-'; UV/Vis (CHCI,): i,,, ( 6 )  = 693.5 
(135500), 661.5 (33000) sh, 623.5 (ZSOOO), 365.0 (33000) sh, 341.5 (46500), 
299.0 nm (56500); MS (FD): m / z  =1020, 1022 [M+H+],  1019. 1021 [ M I ] .  


cl7 c23 c 2 S  


(1,3,8,10,16,18,23,25-Octa-ter~-butylphthalocyaninato)nickel(~1) (4c): 
'HNMR (250 MHz, CDCI,): S = 9.52 (d, , J =  2.5Hz, 2H"), 9.34 (d, 
4J=2.5H~,2Ha),8.17(d,4J=2.5H~,2Hb),8.10(d,4J=2.5Hz,2Hb), 
2.33 (s, 18H, C(CH,),, RE, RIB), 2.00 (s, 18H, C(CH,),, R', R"), [1.73 (s, 
18H), 1.69 (s, 18H), C(CH,),, R3, R", R16, R23]; 13C NMR (250 MHz. 
CDCI,): 6 =152.59, 151.63, 149.20, 148.43, 148.24, 146.62, 146.38, 145.63, 
[140.46,140.11, 131.84, 131.30(C1, C3, C8,CL0,  C'6,C'8,C23, CZ5)],[l25.94, 
125.37 (4Cb)], [116.87, 116.71, (4Cc")], 137.61, 37.56, 35.94, 35.68, (8C")], 
31.20 (CH,, R', RZ5), 31.86, 31.73 (CH,, R3, R'O, RI6, RZ3), 30.69 (CH,, 
R8, R"); IR(KBr): C = 2961,2905,2867,1614,1562,1483,1461,1446,1393, 
1364, 1271, 1130, 1113, 1053, 1022, 996cm-'; UV/Vis (CHCI,): A,,, 
( E )  = 694.0 (136000), 660.5 (30000) sh, 624.0 (24000), 367.0 (20000) sh, 340.0 
(34000), 300.5nm (42000); MS (FD): m / z  =1020, 1022 [M+H+] ,  1019, 
1021 [M+]. 


(1,3,8,10,15,17,22,24-Octa-ter~-butylphthalocyaninato)nickel(11) (4d) : 
'H NMR (250 MHz, CDCI,): 6 = 9.61 (d, ' J =  2.5 Hz, 4H"). 8.22 (d, 
4J= 2.5 Hz, 4Hb), 2.41 (s, 36H, C(CH,),, R i ,  R8, RL5,  RZ2), 1.74 (s, 36H, 
C(CH,),, R3, R'O, R", RZ4; IR (KBr): = 2958, 2942, 2899, 2865, 1612, 
1564,1533, 1483, 1462, 1390, 1359,1320, 1268,1203, 1133, 1115, 1092, 1022, 
964 cm-'; UV/Vis (CHCl,): A,,, ( E )  = 679.0 (147 166), 649.5 (24666), 610.5 
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(23 500), 361.5 (42333), 337.0 (69 166). 295.5 nm (90166); MS (FD): m/ 
I =1020, 1022 [ M + H + ] ,  1019, 1021 [M']. 


Sell-condensation of 1-nontemplate reaction: A solution of lithium oc- 
tanolate was prepared by heating lithium (12 mg, 1.7 mmol) in dry n-octanol 
(1.8 mL) at  170°C. The solution gel was cooled to 50'C, and 1 (100 mg, 
0.42 mmol) dissolved in THF (0.6 mL) was added. After 1 h of heating at  
60 "C under nitrogen, no reaction was observed. The temperature was raised 
to 100 "C and kept under these conditions for 4 d,  hut no colour change was 
observed. 


Mixed-condensation of 1 with 5-template reaction: 3,5-Di-fert-hutylph- 
thalonitrile (1) (300 mg, 1.25 mmol) and 6,7-dicyano-1,4-epoxy-l,4-dihy- 
dronaphthalene (5) (81 mg, 0.42 mmol) were dissolved in n-pentanol(25 mL) 
and nickel acetate tetrahydrate (104 mg, 0.42 mmol) and DBU (0.5 mL) were 
added. The mixture was heated at 139 "C under nitrogen and, after 15 h, the 
same amounts of 5 (81 mg, 0.42 mmol) and nickel acetate tetrahydrate 
(104 mg, 0.42 mmol) were added. After heating for 12 h 5 (40 mg, 0.21 mmol) 
and Ni(OAc),.4H20 (52 mg, 0.21 mmol) was added again. The resulting 
mixture was heated for other 17 h and afterward 5 (40 mg, 0.21 mmol) and 
Ni(OAc);4H20 (52 mg, 40 mmol) were added. The solution was heated for 
12 h and, after cooling, it was poured into MeOH/H,O (5-1; 120mL) and 
centrifuged. The filtrate was removed, and the solid was resuspended in 
methanol and filtered. The blue-green powder obtained was extracted with 
dichloromethane for 24 h. The remaining solid was extracted with methanol 
for 4 d  affording 61 mg (19%) of compound 10."o"l The solution of 
dichloromethane was evaporated and dried, giving a mixture of 4 , 6 , 7 , 8  and 
9. The separation of these phthalocyanines was carried out by column chro- 
matography on silica gel, using toluene, chloroform and chloroform/tetrahy- 
drofuran 50:l as eluents. Compounds 4, 6a,  6 b + 6 c  and 6 d  were separated 
in the toluene fractions, 7 was obtained from the chloroform fractions, and 
8 and 9 were separated in the chloroform/THF fractions. Phthalocyanines 4, 
6. 7 and 8 were recrystallized from dichloromethane/methanoL Compound 9 
wai recrystallized from chloroform/methanol. Compound 4 was obtained in 
a yield of 1 mg (0.3 %). 


(1,3,8,10,16,18-Hexa-tevt-butyl-h.ibenzo~b,g,lj-23,26-dihydro-Z3,26-epoxy- 
naphtho(qjporphyrazinato)nickel(u) (6 a): Blue-green powder, yield 4 mg 
(19'0). 'HNMR(250MHz,CDC13):6 = 9 . 5 9 ( d , 4 J = 1 . 4 H ~ ,  1H",H4),9.46 
(d, 4J=1.4Hz,  2H", H", HI5), 9.15 (s, 2H"), 8.24-8.23 (m, 2Hb), 8.21 (d, 
4J=1.4Hz,  IH'), 7.32 (s, 2He) ,  6.22 (s. 2H')), 2.40, (s, YH, C(CH,),, RE),  
2.37 (s, lXH, C(CH,),. R', R"), 1.76 (s, 18H, C(CH,),, R'O, RL6),  1.74 (s, 
9H. C(CH,),, R3); IR (KBr): i = 2959, 2905,2866, 1614, 1564, 1529, 1483, 
1467,1446,1427,1393,1360,1277,1130,1115,1069 cm-'; UV/Vis(CHCl,): 
i,,, ( I : )  = 678.0 (78500), 669.0 (81000) (splitted Q-band), 604.5 (15500), 
364.5 (15500) sh, 340.5 (22500), 298.5 (28500), 271.0 nm(22500); MS(FD): 
nz:.: = 973, 975 [M+H+] ,  972, 974 [M']; C,,H,,N,NiO (973.93): 
calcd C 74.00%. H 6.83%0, N 11.51%; found C 74.25%. H 6.96%, N 
11.32%. 


6b  + 6c: Blue-green powder, yield 10 mg (2.5%). I3C NMR (250 MHz, 
CDCI,): 6 =152.93, 152.85, 152.51, 152.16, 152.00, 150.25, 150.07, 149.89, 
149.46, 149.29, 149.24, 148.83, 148.59, 148.55, 148.44, 148.03, 147.70, 146.84, 
145.05, 144.24,[143.17, 143.14, 143.07, 143.01 (4c')],[143.58, 141.17, 140.56, 
140.39, 140.36, 139.84, 132.00, 131.96, 131.91, 131.78 (C'> C', C8,  C", C", 
CI7 of 6c and C ' ,  C3 Cy, C", CI5, C L 7  of 6h)], [136.50, 136.22, 135.40, 
135.22 (2CZ2", 2CZ6")], [126.10,126.06, 126.01, 125.98, 125.80, 125.69 (6Cb)], 
[117.54, 117.24,136.86,116.83,116.23, 116.21 (6c")],[114.01, 113.93, 113.77, 
113.71 (4C')], [82.74, 82.70, 82.67 (4Cd)], [37.74, 37.66, 37 59, 37.48, 35.99, 
35.98, 35.94, 35.68 (12C'')], 32.39 32.31 (CH,, R", RI5 of6b),  31.84, 31.74, 
31.71 (CH,, R3, R'O, R" of 6 c  and R3 R9, R" of 6b), 30.77, 30.74, 30.66 
(CH,, R'. R8, R" of 6c and R' of 6b); IR (KBr): S = 2957, 2903, 2866, 
1612, 1564, 1529, 1485, 1469, 1444,1427, 1391, 1375. 1362, 1279,1202, 1132, 
1115, 1080, 1022, 964cm-I;  UV/Vis (CHCI,): i,,, (i:) = 679.5 (139666), 
669.5 (127333) sh (broad Q-hand), 607.5 (26000), 368.5 (29000) sh, 337.5 
(4.2333), 299.0 (55666), 271.5 nm (44666); MS (FD): m/z = 973, 975 
I M + H + ] ,  972, 974 [ M ' ] ;  C,,H,,N,NIO (973.93): calcd C 74.00%, H 
6.83%. N 11.51 %; found. C 73.68%, H 6.72%, N 11.52%. The data of 6c 
are given below 


(1 ,.3,9,11,15,17-Hexa-tevt-butyltribenzo[b,g,l)-23,26-dihydro-23,26-epoxy- 
naphtho-lqlporphyrazinato)nickel(rI) (6b) (taken from the mixture of 6b  and 


6 ~ ) :  'HNMR (250 MHz, CD,CI,): 6 = 9.46 (d, 4J =1.7 Hz, 1 Ha), 9.42 (d, 
4J=1.7Hz,  IH"), 9.41 (d, 4J=1.7Hz,  lH"), 9.18 (hrs, l H c ) ,  9.09 (hrs, 
IH'), 8.24 (d. 4J=1.7Hz,  lHb), 8.18 (d, 4J=1.7Hz,  lH'), 8.17 (d, 
'+J=1.7Hz,  lHb) ,  7.33-7.30 (m, 2H"), 6.18 (hrs, 2H'), 2.34 (s, YH, 
C(CH,),, R'), 2.01, (s, 18H, C(CH,),, R", RI5), 11.756, 1.734, 1.732 (3s, 
27H, C(CH,),, R3, R9, RL7)]. 


(2,4,8,10,15,17-Hexa-revt-butyl-tribenzo[b,g,1~-23,26-dihydro-23,26-epoxy- 
naphtho-[qjporphyrazinato)nickel(u) (6d): Blue-green powder, yield 12 mg 
(3%). 'HNMR(250MHz,CDC13): 6 =9 .54(d ,4J=1.8Hz,  1Ha),9.39 (d, 
4J=1.8Hz,  lH") ,  9.33 (d, 4J - l .8Hz,  lH')), 9.17 (s,  2H'), 8.17 (d, 
4 . J = 1 . 8 H ~ ,  l H h ) ,  8.13 (d, 4J=1.8Hz,  lHb) ,  8.11 (d, 4J=1.8Hz,  lHb) ,  
7.27 (s, 2H"), 6.20 (s, 2H')), 2.34, (s, YH, C(CH,),, R i 5 ) ,  [2.02 (s, YH,), 1.99 
(s, 9H),  C(CH,),, R4, RE)], [1.73, (s, YH), 1.71, (s, YH), 1.70, (s, YH), 
C(CH,),, R2, R'O, R17]; "C NMR (250 MHz, CDC1,): 6 =152.75, 152.07, 
151 .9 5, 1 50.31, 150.28, 149.52, 149.27, 148.51, 147.62. 147.46, 147.00, 146.13, 
146.11, 145.27, [143.11 (C')], [140.87, 140.30, 140.22, 131.71, 131.69, 131.45 
(C', C4, C8, CLo, Ct5, C")], [135.82, 135.73 (CZzr ,  CZba)13 [125.90. 125.80, 
125.70 (3Cb)], [116.96, 116.74, 116.26, (3C")], [114.01, 113.99, (C')], 82.65 
(C'). [37.65, 37.59, 35.95, 35.71, 35.68 (6C'')], 32.29, 32.27 (CH,, R4, Re), 
31.85, 31.74, 31.71 (CH,, R2, R'O, R17), 30.69 (CH,, R"); IR (KBr): 
i = 2959, 2905, 2868, 1612, 1562, 1535, 1514, 1485, 1444, 1425, 1393, 1362, 
1281, 1200, 1113, 1101, 996cm-'; UV/Vis (CHCI,): A,,, ( E )  = 688.0 
(86400), 628.5 (16600), 369.0 (17600) sh, 338.0 (27800), 302.0 (33800) 
271.0nm (27800); MS (FD): m/r  = 973, 975 [ M + H + ] ,  972, 974 [M']; 
C,,H,,N,NiO (973.93): calcd C 74.00%, H 6.83%. N 11.51 %; found C 
74.23%, H 6.88'%, N 11.71%. 


(1,3,18,20-Tetra-tevt-hutyI-dibenzo~b,l~-9,12,25,28-tetrahydro-9,12,25,28- 
diepoxynaphtholg,qlporpbyrazinato)nickel(rI) (7a) and (1,3,17,19-tetra-tert- 
butyl-dibenzo~h,l~-9,12,25,28-tetrabydro-9,12,25,28-diepoxynaphtho(g,qj- 
porphyrazinato)nickel(n) (7 b); Blue-green powder, yield 23 mg (4 %) . 
'HNMR (250MHz, CD,Cl,): S = [9.30 (d, , J=1 .3  Hz), 9.21 (d, 
4J=1.3Hz),9.16-8.82(8m),2H"and4H'],8.22(d,4J=1.3H~),8.19 (m), 
2Hb], 7.40, 7.35, 7.33, 7.31 (4m, 4 H 7 ,  6.36, 6.33, 6.31, 6.27 (4brs, 4Ha), 
[2.26, (brs, 9H). 2.16 (brs, 9H, ), C(CH,),, R ' ,  R2' of 7a and R', RI7 of 
7h)], [1.84, 1.83 (Zs, YH), 1.80, 1.78 (2s, 9H), C(CH,),, R3, R" o f 7 a  and 
R3, RL9 of 7b)l; I3C NMR (250 MHz, CDC1,): S =152.16, 151.98, 150.38, 
150.36, 150.29, 150.21, 150.15, 150.13, 150.06, 149.96, 149.93, 149.83, 148.32, 
148.17,148.13,148.02,146.61, 146.43, 144.50,143.55,[143.21, 143.18,143.15, 
143.11 ( ( 3 1 ,  139.64, 139.58, [136.05, 136.03, 136.00, 135.39 (Cea, CIZa. CZ4", 
CZsa)Jq [125.92, 125.89, 125.72, 125.65 (C')], [116.57, 116.45 ((31, 1114.56. 
114.54, 114.50, 114.47, 113.94, 113.55, 113.42(CC)],82.94, 82.89,82.80, 82.75 
(Cd), 137.44, 37.38, 37.31, 37.26, 35.96, 35.94, 35.90 (C")], [32.04, 32.01, 
31.98, 31.95 (CH,, R3, R" of 7 a  and R3 RI9 of 7h)], [30.81, 30.78, 
30.74, 30.61 (CH,, R', RZo of 7 a  and R' ,  R t 7  of 7b)l; IR (KBr): 0 = 2957, 
2902,2867, 1612,1564, 1528, 1483,1462, 1414, 1391, 1375,1359. 1350, 1317, 
1281, 1153, 1126, 1112, 1096, 870, 847cm-'; UV/Vis (CHCI,): i,,, 
( E )  = 683.5 (96666), 657.0 (109000) (split Q-hand), 627.0 (28333), 595.0 
(21 666), 370.5 (24666), 334.0 (38666), 299.5 (47666). 270.5 nm (43333); MS 
(FD): m/z = 927, 929 [ M + H + ] ,  926, 928 [M '1; C,,H5,N8Ni02 (927.77): 
calcd C 72.50%, H 5.65%, N 12.08%; found C 72.38%, H 5.63%. 
N 12.40%. 


(1,3,8,l0-Tetra-fcrr-butyl-dibenzo~b,g~-16,19,25,28-tetrahydro-16,19,25,28-di- 
epoxynaphtho[l,qjporphyrazinato)nickel(n) @a), (1,3,9,11-tetra-tert-hutyl-di- 
benzo/b,g~-16,19,25,28-tetrahydro-16,19,25,28-diepoxynaphtho~l,qjporphyr- 
azinato)nickel(n) (8 b) and (2,4,8,10-tetra-tertbutyl-dibenzo~b,g~-l6,19,25,28- 
tetrahydro-16,19,25,28-diepoxynaphtho~l,q]porphyrazinato)nickel(11) (Sc): 
Blue-green powder, yield 75 mg (13%). 'HNMR (250 MHz, CD,CI,): 
6 = [9.52-9.25, 8.96-8.84 (m), 8.61 (brs), 8.55 (brs), 2H" and 4H'], l8.29- 
8.24 (m), 8.21 (d, 4J=1.7Hz)  2Hb], 7.31-7.19 (m, 4H'), 6.13, 6.11, 6.06, 
6.02(4hrs,4Hd)), [2.40, 2.39, 2.36,2.32(4hrs, 8 .3H),C(CH,) , ,R ' ,R80f8a 
and R', R" ofsb)], [2.07, (hrs, 9.7H). C(CH,),, R4, R8 ofSc)], [1.86, 1.82, 
1.81, 1.79, 1.78, 1.77, 1.76 (7s, 18H) C(CH,),, R3, R'O of Sa, R3, R9 of 8 b  
and R2, R'" of Sc)]; I3C NMR (250 MHz, CDCI,): 6 =152.72, 152.48, 
152.44, 152.39, 152.16, 151.92, 149.83, 149.69, 149.48, 149.40, 149.30, 149.24, 
148.49, 148.40, 148.26, 147.46-146.00, [143.43-142.63 (C')], [140.61, 140.50, 
140.46,140.37, 132.15, 131.94, 131.82, 131.78,131.58, 131.53(C',C3,C8,C'0 
of 8a,  C', C3, C9, C" of 8 b  and C2, C4, C 8 ,  C'O of Sc)], [135.36-134.09 
(C'5a, Clya, CZ4', CZaa)], [126.21, 126.16, 126.07, 125.73 (C')], [117.63, 
117.55, 117.50, 117.13, 116.74, 116.43 (Ca)], [113.56 -112.46 (C)] ,  [82.49, 
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82.32(Cd)]. [37.76, 37.66, 37.62, 37.48, 37.45, 35.94, 35.68 (C")], 32.60 (CH,, 
R4, R8 of 8c) ,  [32.02, 31.98, 31.94, 31.86, 31.82 (CH,, R3, R L O  of 8a, CH,,  
R', R9 of 8 b  and R2, R'O of 8c)], [30.87, 30.83, 30.79 (CH,. R i ,  R8  of 8 a  
and R', R" of8b)l;  IR (KBr): 0 = 2959,2905,2868, 1612,1564, 1528, 1485, 
1423, 1393, 1362, 1281, 1180, 1171, 1101, 964, 849cm-'; UV/Vis (CHCI,): 
A,,, ( E )  = 671.0 (159000) (Q-hand), 641.0 (34333) sh, 604.0 (26666), 
371.0 (26666) sh, 335.5 (44333), 301.0 (53000), 272.0 nm (51 000); M S  (FD): 
m/z = 927, 929 [ M + H + ] ,  926, 928 [ M ' ] ;  C,,Hs,N8Ni02 (927.77): 
calcd C 72.50%, H 5.65%, N 12.08%; found C 72.72%. H 5.77%, N 
12.18 Y o .  


(1,3-Di-tert-hutyl-dihenzo[b]-9,12,18,21,27,30-hexahydro-9,12,18,21,27,30-tri- 
epoxynaphtho[g,l,q)porphyrazinato)nickel(@ (9): Blue powder, yield 70 mg 
(19%). 'HNMR(250MHz,CDC13) :6  =9.1-8.4(7m,7H, 1 H " a n d 6 H C ) ,  
8.21,8.13(2m,1Hh),7.5-7.00(m,H'],6.4-6.0(8brs,6Hd),[2.33,2.19,2.16 
(3brs, 9H,  C(CH,),, R'], [1.85, 1.82, 1.81 (3brs, 9H, C(CH,),, R')]; I3C 
N M R  (250 MHz, CDCI,): 6 =152.2-149.0, 143.4-142.8 (Ce), 135.3-134.0 
(CSs, C"", C"', CZla,  C26", C301)], [125.92, 125.87 (Cb)], 113.8-112.1 (C'), 
82.9-82.2 (Cd), [37.40, 37.27, 35.9 (broad) (C")], 32.03 (CH,, R3),  30.86 
(CH,, R'); I R  (KBr): S = 3006, 2957, 2905, 2868, 1622, 1528, 1483, 1410, 
1392, 1281, 1182, 1151, 1140, 1097, 870, 849, 694cm-'; UV/Vis (CHCl,): 
A,,, (6) = 663.5 (1484441, 630.5 (41 333) sh, 597.5 (32000), 375.0 (30888), 
334.0 (57111), 301.5 (67111), 270.5 nm (70000); M S  (FAB): m/z = 881, 883 
[ M + H + ] ;  CSZH,,N8NiO, (881.62): calcd C 70.84%, H 4.34%, N 12.71 %; 
found. C 71.19%, H 4.40%, N 13.13%. 


Mixed-condensation of 1 with 5-nontemplate reaction: Li (12 mg, 1.7 mmol) 
was added to dry n-octanol (1.8 mL), and the mixture was heated under 
nitrogen at  170 "C until a solution gel was obtained. The solution of lithium 
octanolate was cooled to 50 "C, and a solution of phthalonitrile 1 (50 mg, 
0.21 mmol) and 5 (20 mg, 0.10 mmol) in T H F  (0.6 mL) added. The tempera- 
ture was raised to  60°C and after 16 h 5 (20 mg, 0.10 mmol) was added again. 
The solution was heated at  60°C for 20 h, and afterwards cooled and 
quenched with a mixture of methanol/water (10 mL; 1 : 1). The organic 
fraction was extracted with dichloromethane, washed with water, and after 
evaporation of the dichloromethane, the octanol was distilled off a t  reduced 
pressure. The residue was resuspended in methanol (15 mL), filtered, dried 
and used in the next step without further purification. The green solid ob- 
tained (43 mg) was dissolved in n-pentanol (3 mL) and, after addition of 
nickel acetate tetrahydrate (104 mg, 0.42 mmol), the mixture was heated 
at 139°C for 4h .  The solution was cooled, poured into methanoilwater 
(5:1), and the resulting suspension was centrifuged. After removing the fil- 
trate, the solid was resuspended in methanol, filtered and dried. The phthalo- 
cyanines thus obtained were separated and purified using the same procedure 
as described above. The yields are given in Table 2. 


(1,3,8,10,15,17-Hexa-~e~vt-butyl-tribe~o[h,g,1]-23,26-dihydro-23,26-epoxy- 
naphtho[q]porphyrazinato)nickel(n) (6c): 'H  N M R  (250 MHz, CD,Cl,): 
6=9 .62  (d, 4J=1 .7Hz ,  IH"), 9.61 (d, 4 J=1 .7Hz ,  lHa) ,  9.45 (d, 
4J=1.7Hz,1Ha),9.26(hrs,1Hc),9.19(brs,1H'),8.28-8.26(m,3Hb),7.33 
(s, 2H'), 6.21 (brs, 2Hd),[2.43, (s, 9H), 2.42(s,9H),2.41 (s, 9H) ,  C(CH,),, 
R', R8, R")], [1.768, 1.764, 1.762 (3s, 27H), C(CH,),, R3, R'", RI7]; I R  
(KBr): 5 = 2957,2901,2868,1612,1564, 1529,1483,1469,1444,1427,1391, 
1375, 1360, 1279, 1130, 1115, 1101, 1022, 964cm-'; UV/Vis (CHCI,): A,,, 
( E )  = 677.0 (47250), 671.0 (48250) (split Q-band), 640.0 (9250) sh, 605.0 
(9000), 369.0 (8500) sh, 337.5 (13500), 297.5 (16500) 271.0 nm (12500); MS 
(FD): m/z = 973, 975 [M+H*] ,  972, 974 [ M ' ] ;  C,oH,,N8Ni0 (973.93): 
calcd C 74.00%, H 6.83%, N 11.51%; found C 73.77%, H 6.70%, N 
31.79%. 
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FULL PAPER 


Reactive Pseudorotaxanes : Inclusion Complexation of Reduced Viologens 
by the Hosts b-Cyclodextrin and Heptakis(2,6-di-O-methyl)-~-Cyclodextrin 


Armen Mirzoian and Angel E. Kaifer* 


Abstract: The complexation of three 
guests containing 4,4'-bipyridinium redox- 
active residues by p-cyclodextrin (p-CD) 
and its heptakis-(2,6-O-dimethyl) ana- 
logue (DM-b-CD) was investigated by 
means of voltammetric techniques. The 
three 4,4'-bipyridinium (viologen) deriva- 
tives used as guests were designed to be 
water-soluble in all three accessible oxida- 
tion states. The N-substituents chosen to 
enhance aqueous solubility were: 2-(2- 


(2-ethoxy)ethoxy)ethanol (guest l2 '), 
6-hexanoate (guest 2) , and 3-propanesul- 
fonate (guest 3). Detailed analysis of the 
voltammetric results by digital simulation 


Keywords 
cyclic voltammetry cyclodextrins * 


host -guest chemistry - pseudorotax- 
anes - viologens 


Introduction 


The viologens['] constitute an interesting class of compounds 
with well-established herbicidal properties which result from 
their ability to disrupt biological electron transfer processes. 
The 4,4'-bipyridinium nucleus of the viologens is dicationic in 
nature (V' ') and undergoes two consecutive monoelectronic 
reductions, according to Equations (1) and (2). The first reduc- 


tion is typically very fast and gives rise to an intense blue cation 
radical (V '). Since viologen dications are often colorless, the 
color development associated with this electron transfer process 
is responsible for many of the proposed applications of violo- 
gens in electrochromic systems.['] The second reduction is some- 
what slower and yields a neutral species Po) of pale color. 


This simple electrochemistry is usually complicated in 
aqueous media by precipitation of the cation radical and/or the 
neutral viologen forms, as well as by the dimerization of the 
cation radical. Viologen precipitation arises because the reduced 
forms (V' and Vo) are less charged and, thus, more hydropho- 
bic than the original dicationic form. The problem is more or 


[*I Prof. A. E. Kaifer, A. Mirzoian 
Chemistry Department, University of Miami 
Coral Gables, FL 33124-0431 (USA) 
Fax: Int .  codc +(305)662-4007 
e-mail: akaifel.ra'umiami.ir.miaini.edu 


techniques revealed that the oxidized 
forms of the guests did not interact appre- 
ciably with either CD host; the two-elec- 
tron reduced guests formed extremely 
stable inclusion complexes, with associa- 
tion constants in the range 103-104~- ' ,  
while the cation radical forms ex- 
hibited intermediate binding affinities 
(z 10' M-' ) .  In all cases, DM-P-CD was 
found to form more stable complexes 
than unmodified fl-CD. 


less severe depending on factors such as the detailed structure of 
the viologen and medium composition. In addition to this, the 
cation radical has a marked tendency to dimerize according to 
Equation (3) .['I Cation radical dimerization and precipitation 


2v+ Fe v;+ (3) 


of the reduced forms have seriously limited the practical appli- 
cation of viologen electrochromic properties. Inclusion com- 
plexation by p-cyclodextrin (p-CDs) has been proposed as a 
possible mechanism to minimize these problems.[3] The water- 
soluble CD hostc4] would solubilize the reduced form of the 
viologens while depressing the dimerization equilibrium con- 
stant by imposing a physical barrier to close encounters between 
cation radicals. About a decade ago, the fully reduced, un- 
charged form of methylviologen was shown to be bound by the 
host p-CD.['] However, the V z +  and V +  forms did not interact 
appreciably with this host. Our group has demonstrated that 
amphiphilic viologen dications interact with both a-CD and 
p-CD,16] but the main binding site in these cases is the aliphatic 
chain on the viologen substituent. Several otber studies have 
been published exploring CD -viologen interactions,[' - ' I1  but 
very often the determination of quantitative results, such as 
thermodynamic or kinetic constants for the viologen- CD bind- 
ing processes, has been prevented by the ubiquitous precipita- 
tion of the reduced viologen species. 


We decided to investigate viologen - CD binding interac- 
tions in a more quantitative fashion. To avoid the usual precip- 
itation problems, we elected to use a series of three viologens 
(l", 2, and 3) that exhibit reasonable aqueous solubility in all 
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their oxidation states. The solubility of these viologens was ob- 
viously enhanced by the appropriate selection of their N-sub- 
stituents. We chose ethyleneglycol (guest 12+) ,  hexanoate (guest 
2), and propylenesulfonate (guest 3) groups for reasons of syn- 
thetic accessibility. As hosts we decided to survey j-CD and its 
heptakis-(2,6-O-dimethyl) analogue (DM-p-CD) because we 
anticipated that they would present the best size match to the 
binding sites offered by the selected guests. This prediction was 
verified by voltammetric experiments with a-CD and y-CD 
hosts, in which these two receptors proved to have only minor 
effects on the electrochemical behavior of the viologen guests. 


p-CD 
% 
DM-B-CD 


The comptexation between the viologen guests and the p-CD 
receptors was monitored by following the voltammetric behav- 
ior of the guest in the presence of variable concentrations of the 
CDs. The results were quantitatively interpreted by means of 
digital simulation techniques. 


Experimental Section 


Materials: p-Cyclodextrin (Amaizo, 99 + "A) and DM-p-CD (Aldrich) were 
used without further purification. The latter material contains % 30% hep- 
takis-(2,6-0-dimethyl)-/%CD; the remaining material is higher and lower 
0-methylated homologues. 4,4-Bipyridinium-N,N'-di-(propylsulfonate) 
(viologen guest 3) was obtained from Sigma and used as received. 4,4- 
Bipyridyl was purchased from Fluka; 2-(2-(2-chloroethoxy)ethoxy)ethanol 
and 6-bromohexanoic acid were supplied by Aldrich. Acetonitrile (Aldrich, 
99.9 + YO, HPLC grade) was dried by refluxing over CaH, and distilled under 
a nitrogen atmosphere. Deionized water was further purified by passage 
through a pressurized, 4-cartridge Barnstead Nanopure system until a final 
resistivity of 18MQcm was attained. 


Synthesis of 4.1'-bipyridinium-N,N-di-j2-(2-/2-ethoxy]rthoxy)ethanol) 
dichtoride (1 .CI,): 4,4'-Bipyridyl (0.5 g, 3.2 mmol) and 2-(2-(2-chloro- 
ethoxy)ethoxy)ethanoI (4.0 g, 24 mmol) were stirred at 70 "C. NaI (50 mg) 
was also added as a catalyst. After 48 h, 30 mL of acetonitrile was added 
and the mixture was stirred for another 48 h. The resulting precipitate 
was filtered off, recrystallized from hot ethanol, and dried in vacuo to 
yield 0.60g (38% yield) of very deliquescent dark yellow crystals. 
'HNMR(400MHz,D20):6 = 3.46(4H, t), 3.55(8H,m),3.61 (4H, t),4.00 
(4H, t), 4.83 (4H, t), 8.40 (4H, d), 9.00 (4H, d). Anal. calcd. for 
C,,H,,N,O,CI,: C, 53.55%; H, 6.95%; N, 5.68%. Found: C, 53.47%; H, 
6.99%; N, 5.75%. 


Synthesis of 4,4'-bipyridinium-N,N-di-(carhox~hexanei dihexafluorophas- 
phate (2.(PF,),): 4,4-Bipyridyl (1 .O g, 6.4 mmol) and 6-bromohexanoic acid 
(5.0 g. 25 mmol) were dissolved in 20 mL of acetonitrile and stirred at 70 "C 
for 24 h. A copious yellow precipitate was formed. After the solution was 
cooled to room temperature, the precipitate was filtered off and dried. The 
bromide viologen salt was then dissolved in the minimum possible volume of 
hot water and precipitated as the hexafluorophosphate salt by dropwise 
addition of a concentrated solution of NH,PF,. The resulting white precipi- 
tate was filtered off, recrystallized from hot water, and dried under vacuum 
to yield 4.1 g (93% yield) of pure hexafluorophosphate salt. 'HNMR 
(400 MHz, (D,]DMSO): d =1.44 (4H, m), 1.64 (4H. m). 2.03 (4H, m), 2.31 
(4H, t). 4.61 (4H, t). 8.37 (4H, d), 8.90 (4H, d). Anal. calcd. for 
C,,H,,N20,P2F,2: C, 39.06%; H,  4.47%. Found: C, 39.18%; H, 4.35%. 


Electrochemical Experiments: The electrochemical experiments wcre per- 
formed with a BAS 100 B/W electrochemical analyzer (Bioanalytical Systems, 
West Lafayette, IN). A glassy carbon working electrode (0.08 cmZ), a Pt 
counter electrode, and a home-made sodium chloride saturated calomel elec- 
trode (SSCE) were utilized in a single-compartment cell. The working elec- 
trode was polished with 0.05 pm alumina on a felt surface and rinsed with 
abundant water immediately prior to electrochemical experimentation. The 
experiments were conducted in 0.1 M phosphate buffer solutions (pH = 7) 
prepared with purified water. All solutions were deoxygenated by purging 
with nitrogen gas and maintained under an inert atmosphere during the 
electrochemical experiments. The viologen concentration was typically in the 
0.3-l.0lnM range. The C D  hosts were added to the solution in the electro- 
chemical cell to yield the required concentrations. Aliquots from a concen- 
trated CD stock solution were added to yield host concentrations lower or 
equal to that of the viologen guest. Weighted amounts of solid CD were added 
to reach higher host concentrations. The voltammetric data were analyzed by 
using digital simulations carried out with the Digi-Sim version 2.1 software 
package"'] (Bioanalytical Systems, West Lafayette, IN).  


Results and Discussion 


While guest 12+ is a dication, the other two surveyed viologens 
are zwitterionic at neutral pH due to the ionization of their 
terminal carboxylate and sulfonate functional groups. Thus, 
these two guests are better represented as 2 and 3 in their fully 
oxidized states. Under neutral pH, the voltammetric behavior of 
all three viologen derivatives is characterized by two consecu- 
tive, reversible monoelectronic reduction processes. Figure 1 
shows a typical voltammogram obtained with guest 3 in 0.1 M 


phosphate buffer (pH = 7) solution. Similarly shaped voltam- 
mograms were recorded with the other two viologen com- 
pounds. The corresponding half-wave potentials (El,*) and the 
diffusion coefficients (Dfree) measured for the three viologen 
guests are given in Table 1 .  Clearly, the nature of the sub- 


3 0 ~  


A 
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Potential vs SSCE, mV 


Figure 1. Cyclic voltammogram (0.1 Vs- ') of a 0.5mM solution of viologen 3 in a 
pH 7, 0.1 M phosphate buffer (solid line). The dotted line represents the simulated 
voltammogram. Lower values for k,/(D,,,,)l/z are equal to 64 s-'/' and 32 s-"' for 
the first and second reductions, respectively. The half-wave potentials were taken as 
-0.634 and -0.998 V vs. SSCE. 
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Table 1 Voltammetric parameters for the surveyed viologen guests in 0.1 M phos- 
phate buffer (pH = 7) solution a t  25 "C. 


1z+ -0.624 (63) -0.980 (62) X.0xlO-6 


3 -0.634 (55j -0.998 (60) 1.0 x 10- 
2 -0.695 (58) - 1.048 (71) 7.6 x 


~~~ ~ ~~ ~ 


[a] Half-wave potential for the first reduction process expressed in Volts vs. SSCE. 
The value in parenthesis represents the potential difference in mV between the 
cathodic and anodic peak potentials measured at 0.1 VsC'. [b] Same as [a] for the 
second reduction process. [c] Diffusion coefficients determined from chronocoulo- 
metric experiments. 


stituents on these viologens is sufficiently hydrophilic to impart 
aqueous solubility to all three oxidation states, thus, yielding 
perfectly reversible, diffusion controlled voltammetric behavior. 


Figure 1 also shows a digitally simulated voltammogram for 
guest 3. Obtaining a good fit between the experimental and 
simulated voltammogram is trivial in this case, and the pertinent 
simulation parameters are given in the figure caption. However, 
the simulation is explicitly plotted to show that, even in a case 
as simple as this one, the agreement between the experimental 
and simulated currents is rather poor in the potential region 
negative from - 1 .O V. This is expected as the experimental cur- 
rents in this potential range contain a contribution from solvent 
reduction (2H+ + 2e  --$ H2) which is not taken into account by 
the simulations. 


The addition of either p-CD or DM-b-CD to the solution has 
a pronounced effect on the voltammetric behavior of all three 
viologen guests (see Figure 2 for a representative example). 
The first reduction wave is only slightly affected, exhibiting 
small positive shifts in the apparent half-wave potential 


Potential vs SSCE, mV 


35.01 I 


Potential vs SSCE, mV 


Figure 2. A: Cyclic voltammograms (0.1 Vs- . ' )  of a 0 . 5 m ~  solntion of 2 in the 
absence (solid line) and in the presence (dotted) of 0 . 0 1 2 5 ~  DM-B-CD in a pH 7, 
0.1 M phosphate buffer. B: Osteryoung square-wave voltammograms of the same 
system recorded with a potential step of- 4 mV, pulse amplitude of 25 mV, and 
frequency of 15 Hz. 


(AE:,2 15 mV). The second reduction wave is much more 
strongly affected by the presence of CD and undergoes larger 
positive shifts in the El,, value as large as 160 mV). 
Interestingly, the presence of CD at moderate concentration 
levels (< 3 equiv) does not result in significant changes in the 
observed voltammetric current levels, although larger CD con- 
centrations depress the currents associated with the second re- 
duction process. The association of electroactive guests with CD 
hosts typically results in a significant current decrease. This has 
been previously observed with ferrocene derivatives and used to 
determine the corresponding binding constants.[' 3 ,  14] The mag- 
nitude of the voltammetric currents observed with Nernstian 
redox couples is generally determined by the diffusion coeffi- 
cient of the initial form of the electroactive species, that is, the 
form present in solution at the beginning of the voltammetric 
scan. In the reported work with ferrocene derivatives," 3 9  14] the 
initial form is strongly bound by p-CD, which causes a substan- 
tial reduction in the effective diffusion coefficient and a marked 
decrease in the current levels in the presence of moderate host 
concentrations. By contrast, the relative insensitivity of the 
voltammetric currents to the presence of CD hosts that we ob- 
serve in this work (especially true for the first reduction process) 
indicates that the initial (fully oxidized) form of all three guests 
does not interact appreciably with the CD hosts. This conclu- 
sion is reinforced by 'H NMR spectroscopic experiments show- 
ing that the chemical shifts of the viologen proton resonances 
are unchangcd by the addition of 2 to 3 equiv of either CD (data 
not shown). Therefore, none of the three guests are bound to a 
detectable extent by either CD receptor before reduction of the 
viologen nucleus. 


Uptake of electrons by the 4,4'-bipyridinium residue is antic- 
ipated to enhance its interaction with CD hosts. As positive 
charge is removed from the bipyridinium residue, its hydropho- 
bic character and the stability of its CD inclusion complexes 
should increase. Therefore, the neutral, two-electron reduced 
viologen form should be a better guest for P-CD than the cation 
radical form, which in turn should be better than the essentially 
noninteracting dication form. These predictions are in agree- 
ment with the voltammetric results in the presence of either CD. 
The small positive shifts in the El,2 value of the first reduction 
process (V"/V') observed upon CD addition reveal that the 
product of this reduction (the cation radical form) interacts with 
the CD more strongly than the initial, dicationic form. Similar- 
ly, the much larger, CD-induced positive shifts observed in the 
half-wave potentials for the second reduction process (V+/Vo) 
indicate that the fully reduced, neutral species is complexed 
much more strongly by either CD than the cation radical form. 
Figure 2 (top) shows typical cyclic voltammetric (CV) results 
obtained with guest 2 and DM-P-CD. Figure 2 (bottom) shows 
the CD-induced effects on the square-wave voltammograms 
(SWV) of the same guest. Qualitatively similar results were ob- 
tained with all other host-guest combinations. Although both 
CV and SWV can be used to investigate the binding interactions 
between the viologen guests and the CD hosts, we selected CV 
because of the capabilities and limitations of the simulation 
software used. 


These systems afford an excellent example of redox control on 
the sfrength of'host-guest interactions." A pictorial represen- 
tation of the relationship between the oxidation state of the 
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viologen guest and its binding affinity to the 1-CD hosts is given 
in Scheme 1. The morphology of the viologen guests leads (upon 
two-electron reduction) to the formation of inclusion complexes 
in which the CD host is “threaded” by the guest. These inclusion 


i l  


Strong Binding 


that the interaction between the fully oxidized viologen form 
(V2’) and the CD is too weak to be observed experimentally, 
and therefore, the corresponding association constant K, + can 
be safely assumed to be negligible. Therefore, we conclude that 
the complex CD-VZ+ does not reach appreciable concentra- 
tions during our electrochemical experiments and can be disre- 
garded. 


Our voltammetric results indicate that the association con- 
stants of the CD hosts with the cation radical and fully reduced 
viologen forms ( K ,  and K O ,  respectively) are both significant. 
The only unresolved mechanistic issue is whether the corre- 
sponding complexed viologen forms (CD -V+ and CD - V) can 
exchange electrons directly or not. In other words, is the electro- 
chemical equation a t  the bottom right of Scheme 2 truly neces- 
sary to describe the electrochemical behavior of the viologen 
guests in the presence of CD hosts? An affirmative answer 
would imply that encapsulation by the CD hosts does not pre- 
clude the viologen guests from engaging directly in electron 
transfer reactions. Alternatively, CD encapsulation may hinder 
electron transfer to the point that it only takes place after disso- 
ciation of the inclusion complex. The mechanisms that result 
from each one of these alternatives are represented in Scheme 3 


Scheme 1. Redox control on the CD binding of viologen guests. 


complexes have been termed pseudorotaxanes[’61 since they can 
be considered as precursors of rotaxanes. Reaction of the termi- 
nal functional groups on the guest with bulky “stopper” mole- 
cules should lead to the trapping of the threaded CD, yielding 
the corresponding rotaxane.[I6] A unique characteristic of the 
viologen-CD pseudorotaxanes investigated here is that the 
complexed subunit (Vo) is highly reduced, and, thus, extremely 
reactive. If  rotaxanes can be assembled around these reactive 
residues, their chemical reactivity is likely to be affected by 
strong and still largely unexplored supramolecular effects. 


In order to interpret the voltammetric data in a quantitative 
fashion and extract thermodynamic parameters for the corre- 
sponding binding equilibria it is necessary to postulate a de- 
tailed mechanism for the electrochemical and chemical pro- 
cesses involved. An acceptable mechanism should provide simu- 
lated voltammograms that closely approach the experimental 
voltammograms. Furthermore, when such a mechanism is iden- 
tified, the optimization of the fit between the simulated and 
experimental voltammetric data will allow the estimation of the 
thermodynamic parameters for the complexation equilibria in- 
volving the three oxidation states of the viologen guests and the 
CD hosts. Scheme 2 shows all the electrochemical and chemical 
equilibria relevant to the interpretation of the voltammetric 
data. This mechanism can be readily simplified by considering 


Scheme 2. Electrochemical and chemical equilibria involved in the reduction of 
viologen guests in the presence of CD hosts. 


~ 
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(Type II Mechanism ‘I;““ [ CD 
K O  


CD-V+ CD-V 
Scheme 3. Type 1 and Type I1 mechanisms. 


and arbitrarily labeled Type I (allowing direct electron transfer 
to and from inclusion complexes) and Type I1 (forbidding elec- 
tron transfer to and from inclusion complexes). Several years 
ago, Evans and co-workers investigated the voltammetric be- 
havior of ferrocenecarboxylate in the presence of B-CD.[’ 31 


They concluded that the CD- ferrocenecarboxylate inclusion 
complex does not undergo oxidation directly; electrochemical 
oxidation takes place only utter dissociation of the complex. We 
have reached similar conclusions in an investigation of CD com- 
plexation of a series of water-soluble, positively charged fer- 
rocene derivatives.[I4] Furthermore, the rate of electron transfer 
reactions of fully encapsulated redox centers is also the subject 
of current investigations in our group.[”] 


What key experiments can be performed to decide which one 
of these two possible mechanisms better describe the voltam- 
metric data? Following the lead of Evans and co-workers,[’31 we 
decided to investigate the voltammetric behavior of viologen- 
CD solutions at fast scan rates. By increasing the scan rate, the 
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time scale of the voltammetric experiments is shortened to the 
point that it approaches the lifetime of the inclusion complexes. 
Therefore, if the inclusion complexes are capable of direct elec- 
tron transfer, the voltammetric behavior should not be affected 
much. On the other hand, if complex dissociation must precede 
the electron transfer, one would expect to see substantial current 
reductions as the availability of the electroactive material at the 
electrode surface is limited by the kinetics of the dissociation 
reaction. 


Figure 3 shows the voltammetric response recorded (at a scan 
rate of 3.0 Vs- I )  with guest 2 in the presence of 30 equiv of 
DM-B-CD (solid line). The most interesting feature of this 


-900 -1100 -1300 
- 4 0 1 '  I " ' I ' ' ' I " " " " 


-500 -700 
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Figure 3. CV (3 VsCl)  of a 0.5111~ solution of viologen 2 after addition of 0 . 0 1 5 ~  
DM-P-CD (solid line) in pH 7, 0.1 M phosphate buffer and simulated voltam- 
mogram (dotted) at the same scan rate. Lower values for kS/(Df,J'" are equal to 
7 2  S C " ~  and 36 s-'!' for the first and second reductions, respectively. 
K ,  := 1 x 1 0 2 w - ' .  KO =7 x 1 0 4 ~ - ' .  The association rate constants for both com- 
plexdtion reactions were taken as k ,  = 8 x loR M ~ s -  I .  DEom,,e,iDir.E = 0.46. 


voltammogram is the almost complete disappearance of the an- 
odic peak corresponding to the oxidation from the fully reduced 
form to the cation radical (Vo --t V'). Considering that the fully 
reduced form of the viologen guest is the most strongly bound 
by the CD host, the substantial flattening of its oxidation peak 
at fast  scan rates is strong evidence for the prevalence of a 
Type I1 mechanism. 


Further support for this hypothesis is provided by the simu- 
lated voltammograms (at 3.0 Vs-I)  shown in Figure 4. The dot- 
ted line voltammogram corresponds to the behavior expected if 
the inclusion complexes do not engage directly in electrochemi- 
cal processes, while the continuous line voltammogram would 
be obtained if the inclusion complexes reacted directly at the 


Potential vs SSCE, mV 


Figure 4. Simulated voltammograms calculated with Type I mechanism (solid line) 
and Type I1 mechanism (dotted) at 3 V s - l  for a 0 S m ~  solution of 2 in the presence 
of a 50-fold excess of cyclodextrin. Parameters used in the simulations are similar to 
those given in Figure 3. 


electrode surface. As previously shown in Figure 3, the voltam- 
metric behavior observed in our fast scan rate experiments is 
very close to that represented by the dotted line simulation, thus 
supporting a Type11 mechanism. We thus conclude that the 
surveyed viologen guests do not engage directly in heterogeneous 
electron transfer reactions when included by either b-CD or DM- 
p-CD hosts. In particular, the fully reduced form of these violo- 
gen guests, which is strongly bound by either host, is not electro- 
chemically oxidized when it is encapsulated inside the CD. Our 
data suggest that dissociation of the host-guest complex must 
precede the oxidation to the cation radical form. 


At slower scan rates (< 1 Vs-I) ,  the two mechanisms afford 
similar simulations, which reproduce satisfactorily the observed 
voltammetric behavior when appropriate values for the binding 
constants K ,  and KO (see Scheme 2 and 3 for definitions) are 
used. For instance, Figure 5 shows the response obtained (at 
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Figure 5 .  CV (0.1 Vs-')  of a 0 . 5 m ~  solution of viologen 2 after addition of 
0 . 0 1 2 5 ~  of DM-8-CD (solid line) in pH 7 ,  0.1 M phosphate buffer. The dotted line 
is a simulated voltammogram obtained by using parameters similar to those given 
in Figure 3. 


0.1 Vs- ')  with viologen guest 2 in the presence of 25 equiv of 
DM-p-CD and the corresponding simulation (Type I1 mecha- 
nism). Notice that the simulation reproduces the experimentally 
observed increase in AEp values for the V+/Vo  redox couple, 
which is caused by the CD complexation reactions, not by slow- 
er rates of heterogeneous electron transfer. The simulation ob- 
tained using a Type I mechanism (not shown) is equally accept- 
able in this case. 


As discussed before, by optimizing the fit between simulated 
voltammograms generated with the Type I1 mechanism and the 
experimental voltammograms we can determine the binding 
constants K ,  and KO. This approach yields the thermodynamic 
values given in Table 2. The quality of the reported binding 
constant values can be assessed by checking the fit between 


Table 2. Association constants (M- ') between the viologen guests and the CD hosts 
measured at 25 ' C in 0.1 M phosphate buffer. 


Guest Constant Host 
/(-CD DM-8-CD 


5 x 10' 


9 x in1 
2 x 104 


5 x 10' 
6 x  10' 2 104 


1 x 102 
7 x lo4 


5 x 10' 7 i n 1  


7 x 103 1 104 
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simulated and experimental voltammetric data as a function of 
CD concentration. Acceptable values for the two constants rel- 
evant to a given host-guest combination should provide consis- 
tently good fits throughout the entire range of CD concentra- 
tions surveyed in the experiments. A convenient and simple way 
to test the fit is to compare the apparent half-wave potentials for 
the second reduction process (V'jV"), as this potential is much 
more strongly affected by the presence of the CD hosts than the 
V2 +/V' process. Figure 6 shows the experimentally determined 
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Figure 6. Plots of the CD-induced half-wave potential shifts (A&,*) for the second 
reduction of viologens 1 2 + ,  2. and 3 (graphs A, B, and C, respectively) as a function 
of concentration of added DM-P-CD. Simulated values. continuous line; 0, exper- 
imental results with 10 mV error bars. Experimental conditions are similar to those 
given in previous figures. Values of diffusion coefficients for each viologen are taken 
from Table 1 and the lower values for the heterogeneous rate constants k, are equal 
to 0.2 and 0.1 cms-' for the first and second reduction processes, respectively. K ,  
and K, values are those given in Table 2. All other parameters for the simulations 
were similar to those used in Figure 3 .  


shifts in the E:,2 values for each one of the viologen guests in the 
presence of variable DM-P-CD concentrations. In each plot, the 
continuous lines were drawn by using the corresponding poten- 
tial values obtained from simulations based on the K ,  and KO 
values reported in Table 2. As can be seen, the simulations re- 
produce within the error margins the experimental El,, values 


throughout the entire range of host concentrations. Similar re- 
sults (data not shown) were obtained for the three viologen 
guests and the host fr-CD. In the case of DM-8-CD, its higher 
aqueous solubility (compared to 8-CD) permits the investiga- 
tion of a wider concentration range. In all cases, the agreement 
between the simulated and experimental E:,, values is very 
good. On these grounds, the quality of the binding constant 
values reported in Table 2 seems to be satisfactory and compar- 
able to that of values determined by more traditional proce- 
dures. We estimate the error margin of these binding constants 
to be smaller than 20%. 


The predominance of the Type I1 mechanism means that, at 
fast scan rates, the voltammetric data contain information on 
the kinetics of the association and dissociation steps involving 
the CD hosts and the two-electron reduced forms of the 
viologen guests. The best fit to fast scan rate voltammograms, 
such as that shown in Figure 3, were obtained by using associa- 
tion rate constants (k,) of around 8 x IO*M-' s-  '. Therefore, 
the dissociation rate constants are in the order of 104s-' ,  
which are perfectly comparable to other values previously re- 
ported for CD inclusion complexes.['31 The charged groups at 
the ends of guests 2 and 3 do not seem to slow down significantly 
the association/dissociation kinetics of the B-CD inclusion com- 
plexes. 


Inspection of the values in Table 2 reveals several interesting 
trends. First, the KO values are substantially higher than the K ,  
values. Indeed, this was anticipated from the charges associated 
with each one of the viologen oxidation states. The inclusion 
complexes of the fully reduced forms are expected to be substan- 
tially more stable than those of the cation radicals. In addition 
the electron density and polarizability of the former are also 
higher, thus, favoring the induced dipole- dipole interactions, 
which are at the core of the stabilization of CD inclusion com- 
plexes. Second, every oxidation state of the viologen guests ex- 
hibits a higher binding affinity with DM-/I-CD than with B-CD. 
This binding selectivity was also anticipated owing to the linear 
character of these viologen guests and the well-known prefer- 
ence of biphenyl-type guests for the deeper cavity of DM-p- 
CD.["] Finally, it is also instructive to compare the relative 
stabilities of the three most stable complexes formed in our 
experiments, that is, those between the fully reduced viologens 
(1, Z2- ,  and 32-)  and DM-P-CD. As represented in Scheme 1, 
in all these inclusion complexes the cavity of the CD host is 
threaded by the viologen guest, yielding pseudorotaxane struc- 
tures. The KO values for 1 and 3'- are rather similar and certain- 
ly lower than that for guest 22-.  The structure of 2'- optimizes 
the stability of the complex as it affords a very well defined 
binding site (the two-electron reduced bipyridinium residue) 
which extends itself along the two covalently attached aliphatic 
chains. In the inclusion complex, the solvation of the terminal 
carboxylate groups is essentially unaffected by the threaded CD. 
This is probably not the case in the inclusion complex formed 
between DM-P-CD and 3'-, in which the solvation of the 
terminal sulfonate groups may be somewhat disrupted by the 
threaded CD host, since the sulfonate groups are closer to the 
bipyridinium nucleus. Guest 1 probably represents an interme- 
diate situation. In any instance, the binding constant values 
between the fully reduced guests and DM-P-CD are remarkably 
large. 
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Conclusions 


We have demonstrated that p-CD and DM-/I-CD hosts form 
extremely stable inclusion complexes (pseudorotaxanes) with 
two-electron reduced viologen derivatives. The viologen guests 
were designed to enhance the water-solubility of all their oxida- 
tion forms and prevent the usual precipitation of reduced violo- 
gen species, which has plagued most previous studies of violo- 
gen -CD interactions. The appropriate substituent functional- 
ization of the viologen guests permitted the full characterization 
of their interactions with CD hosts by voltammetric techniques. 
The pseudorotaxane structures and high binding constants of 
the inclusion complexes formed between the CD receptors and 
the fully reduced viologens make them ideal candidates for the 
preparation of novel rotaxanes containing highly reactive, en- 
capsulated residues. 
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Thermal Conversion of cZoso-1,2-(SiMe3),-l,2-C,B4H, to 
clasa-l,6-(SiMe3),-l,6-C,B,H4 : Structure Determination by 
Ab Initio Calculations, Gas-Phase Electron Diffraction, 
and Low-Temperature X-Ray Diffraction 


John A. Maguire,* Kai-Juan Lu, Colacot J. Thomas, Thomas G. Gray, 
Ying Wang, Jason E Eintracht, Narayan S. Hosmane,* Herbert Binder,* 
Michael Wanitschek, Horst Borrmann, Arndt Simon,* and Heinz Oberhammer* 
Dedicated to Pvofessov Wultev Siebert on the occasion of his 60 th birthday 


Abstract: closo-I ,2-(SiMe,),-l,2-C,B4H, undergoes thermal conversion to 1,6- 
(SiMe3)2-1,6-C,B,H4. The reaction pathway was monitored by “ 8  NMR spec- 
troscopy. The structures of the 1,2- and 1,6-isomers were optimized at the HF/6-31 G* 
ab initio level. Gas-phase electron diffraction studies for both isomers are reported, as 
well as low-temperature X-ray crystal structure determinations. Comparison of calcu- 
lated structural data with the data obtained experimentally shows good agreement 


Keywords 
ab initio calculations - carboranes * 


electron diffraction * rearrangements - 
structure elucidation 


between theory and experiment. 


Introduction 


The thermal rearrangements of the icosahedral carboranes, 
from 1,2- to 1,7-C,B,oH,, at 450-550 “C[li and the subsequent 
conversion of 1,7- to 1,12-CzB,,H,, at even higher tempera- 
turesJ21 have been known for more than 30 years. Although a 
general process for such rearrangements was proposed by Lips- 
comb shortly after their discovery,13i the exact mechanism re- 
mained the subject of debate.[4-61 The same problem arises in 
the case of the octahedral closo-C,B,H, carboranes. Both have 
been known for some time, and thermal conversion of the 1,2- 
isomer to the more stable 1,6-isomer has been studied.[7i Theo- 
retical investigations of the intermediate or transition-state 
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Pfaffenwaldring 55, 70569 Stuttgart (Germany) 
Fax: Int. code +(711)685-4241 
Prof. Dr. A. Simon, M. Wanitschek, Dr. H. Borrmann 
Max-Planck-Institut fur  Festkorperforschung 
Heisenbergstrasse 1,  70569 Stuttgdrt (Germany) 
Fax: Int. code +(711)689-1642 
Prof. Dr. H. Oberhdmmer 
Institut fur Physikalische und Theoretische Chernie der Universitit 
Auf der Morgenstelle 18, 72076 Tiibingen (Germany) 
Fax: Int. code +(7071)296-910 


structures that might be involved in the thermal rearrangement 
have also been carried out. In the most recent and extensive 
study, McKeer8] concluded that isomerization might proceed 
through a “local bond rotation” to a benzvalene-type transition 
state. However, as the author pointed out, none of the computa- 
tional investigations identifies the specific reaction pathway ; 
they can only show that some are more likely than others. 
A major problem associated with mechanistic studies of carbo- 
rane isomerizations is the difficulty in determining the fate of a 
specific boron atom arising from or going to a set of nearly 
equivalent atoms. One way of tracing the movement of a partic- 
ular boron atom in an isomerization reaction is to label it by 
replacing its hydrogen atom with another substituent group. 
Such experiments would require the ability to obtain accurate 
structural information on compounds of low symmetry that 
may be reasonably volatile or crystallize only at very low tem- 
peratures. This type of structural information can be obtained 
by low-temperature X-ray diffraction or gas-phase electron dif- 
fraction (GED) techniques. Many of the GED studies are aided 
by parallel theoretical calculations, such as those described in 
the GED structural determinations of several boranes and het- 
eroboranes.[lOd-C1 The C-trimethylsilyl-substituted carboranes 
are excellent candidates for such substituent studies; they are 
more stable than their H- or alkyl-substituted analogues, and 
their structures can be more easily determined.[’] Since a high- 
yield synthesis of closo-1,2-(SiMe3),-l ,2-C2B4H4 has recently 
been reported,[”] the thermal isomerization of this compound 
was chosen for an initial study. The results of this investigation 


~~ 
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serve as a basis for assessing the effects of cage substituents on 
the isomerization reactions of the octahedral closo-carboranes. 
In addition, once these effects are understood, the use of highly 
substituted carboranes should also prove useful in determining 
the mechanism for the reductive cage opening reactions found 
for these We report herein the results of our 
study on the thermolysis of closo-l,2-(SiMe3),-l ,2-C,B4H,, 
along with the structures of the starting carborane and some of 
the reaction products, determined by IR and NMR spec- 
troscopy, low-temperature X-ray diffraction, and GED mea- 
surements, supported by ab initio molecular orbital calcula- 
t1ons. 


Results and Discussion 


Depending on temperature and reaction time, the thermolysis of 
closo-l,2-(SiMe,),-1,2-C,B4H, (1) was found to give mixtures 
of products with varying compositions (Scheme 1). Figure 1 


1 


/siMc3 


less volatile products 


2 
Scheme 1 Thermolysis of cloru-l,2-(SiMe,),-l,2-C,B,H, (1) 


shows the "B NMR spectra of the reaction mixtures at different 
times and temperatures. No reaction is detectable below 250 "C. 
However, at or above this temperature the spectra show the 
disappearance of the doublets at 6 = 8.4 and - 11.6, which are 
due to the 1,2-isomer, and concomitant growth of a doublet at 
6 = - 13.9, which is characteristic of the 1,6-isomer. After 6 h, 
resonances due to the 1,2-isomer are essentially absent from the 
spectrum of the thermolysis mixture. These results differ from 
those found by Onak and co-workers in their study of the ther- 
molysis of the parent molecule, closo-1,2-C2B4H,, for which no 
significant change in the "B NMR spectra was noted unless 


I 
SiMe, 


T " ''%.ii - ' ' ,  ' 1s.a ' " ' " i.0' ' " ' ' '&' ' ' ' ' :3;.0 " ' " &' 


Figure 1 .  "B NMR spectra showing the temperature- and time-dependent conver- 
sion of closo-1 ,2-(SiMe,),-1,2-C2B,H, (1) to closo-1,6-(SiMe,),-l,6-C,B,H, (2). 


heating to 250 "C was continued for at least 20 h.[7a1 The ther- 
molysis of the parent compound produced rather pure 1,6-iso- 
mer (90 YO closo-1,6-C2B,H, and 10 % unreacted closo-1,2- 
C2B,H,), while in the present study only 35% yield of the 
1,6-isomer could be obtained even under the most favorable 
conditions; the polymeric by-product could not be fully charac- 
terized. Figures 2 and 3 show the molecular structures, and 
Tables 1 and 2 list selected bond lengths and angles derived from 
theoretical calculations and experimental data (GED, X-ray dif- 
fraction) for 1 and 2. 


c4 


Figure 2. Molecular structure and Figure 3. Molecular structure and 
atom numbering for 1. Ellipsoids atom numbering for 2. Ellipsoids 
are drawn at the 70% probability are drawn at the 70% probability 
level, and hydrogen atoms are of level, and hydrogen atoms are of 
arbitrary size. arbitrary size. 
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Table 1. Geometric parameters of 1 from GED, X-ray crystallography, and ab 
initlo calculations (HF/6-31 G*). 


GED [a] X-ray [b] HF/6-31 G* 


ClbC2 1.59(4) P I  


A(BC) = (B4-C1) - (B5-Cl) 
(B-'JmeLn 1.587(7) p 2  


B4-Cl 1.613(12) 


( B - Q n e m  1.698(6) p 3  


B3-B4 1.658 (16) 
B3-B5 1.708(8) 
Cl-Si 1.867(2) [d] 
Si-C, 1.867(2) p 4  
C-H 1.097(5) p s  
B-H 1.20 [el 
C l-C2-Si 133.1(6) p6  


H-C-H 107.2(3) ps 
+(C 1 -C 2-Si-C,) 41.3(19) p9 


0.040 [20] [c] 


B5-Cl 1.573(10) 


A(BB) =(B3-B5) - (B3-B4) 0.050 [20] [c] 


C,-Si-C, 112.5(8) p ,  


1.582 (2) 
1.635(2) 
0.026 
1.653(2) 
1.627(2) 
1.723 (2) 
0.033 
1.697(2) 
1.730(2) 
1.873(1) 
1.862 (1) 
0.98 [el 
1.08(2) 


134.4 (1) 
110.8(1) 
109.5 [el 
44.5 (2) 


1.577 
1.625 
0.039 
1.651 
1.612 
1.726 
0.050 
1.686 
1.736 
1.890 
1.888 
1.087 
1.180 


135.2 
109.7 
107.5 
44.0 


[a] Distances re [A] and angles +zm ["I; uncertainties are 3u values; for atom number- 
ing see Figure 2; C, are methyl carbon atoms. [b] Mean values: error limits are u 
values. [c] Ab initio value with estimated uncertainty in square brackets. [d] Set 
equal to Si-C,. [el Not refined. 


Table 2 Geometric parameters of 2 from GED. X-ray crystallography, and ab 
initio calculations (HF/6-31 G*). 


GED [a] X-ray [b] HF/6-31 G* 


B-B 
B-C 


A(SiC) = (C 1 -Si) - 
Cl-Si 
Si-C, 
C-H 
B-H 
C,-Si-C, 
C 1-Si-C, 
H-C-H 


(Si - C),,," 


1.699(8) pi  
1.636(3) p 2  
1.867(2) p 3  


(Si-C,) -0.005(14) p4 
1.863 (1 1) 
1.868(4) 
1.10215) p s  
1.212(26) p6 


110.9(10) p7 
108.0 (10) 
107.7(7) pa 


1.674(2) 
1.624(1) 
1.867 (1) 
0.005 (2) 
1.871 (1) 
1.866 (1) 
0.98 [c] 
1.08(2) 


110.7 (1) 
108.0(1) 
109.5 [c] 


1.696 
1.632 
1.889 


-0.005 
1.888 
1.893 
1.087 
1.169 


110.1 
108.8 
107.6 


- 


[a] Distances r ,  [A] and angles p;, ["I; uncertainties are 3u values; for atom number- 
ing see Figure 2: C, are methyl carbon atoms. [b] Mean values; uncertainties are (r 
values. [c] Not refined. 


For 1 the bond lengths of the carborane skeleton obtained by 
X-ray diffraction agree perfectly with the calculations, whereas 
the GED values are considerably shorter. On the other hand, the 
X-ray and GED values for the Si-C moiety are in excellent 
agreement, and the calculated bond lengths are slightly longer. 
The SiMe, groups in 1 cause substantial lengthening of the C-C 
bond [I .59(4) A from GED and 1.582(2) A from X-ray diffrac- 
tion] compared to that in the unsubstituted closo-l,2-carborane 
[1.535(2) A;r17a1]. This lengthening is similar to that found when 
comparing the experimental C- C bond lengths in nido-2,3- 
C,B,H, (1.418 A) and nido-[2-(CH,)-3-(SiMe3)-2,3-C2B4H6] 
(1.460 A))17bscJ and could well be the result of the increased 
steric interactions between the cage carbon substituents. 


In the case of 2 both experimental methods and the calcula- 
tions give very similar bond lengths for the carborane cage. As 
with 1 the calculated Si-C distances are slightly longer than the 
experimental values. 


Experimental Section 


Materials: All solvents were purified by standard  procedure^."^] The carbo- 
rane closo-1,2-(SiMe3),-l ,ZC,B,H, was prepared by the method described 
in the literature.'"' 


Spectroscopic and Analytical Procedures: 'H, "B, and I3C NMR spectra 
were recorded at 200, 64.2, and 50.3 MHz, respectively, on an IBM- 
WP 200 SY multinuclear NMR spectrometer. IR spectra were recorded on a 
Nicolet Magna FT-IR 550 spectrophotometer. Mass spectra were obtained 
from the Washington University Resource for Mass Spectrometry, Washing- 
ton University, St. Louis, MO; elemental analyses were obtained from E & R 
Microanalytical Laboratory, Corona, NY 


Synthetic Procedures: Manipulations of all nonvolatile compounds were per- 
formed under strictly inert conditions in a Vacuum Atmospheres drybox or 
eVaCudbk glove bags filled with dry nitrogen. Volatile compounds were syn- 
thesized, isolated, and purified by using standard high-vacuum techniques. 
All known compounds were identified by comparing their m.p./b.p., IR 
and/or NMR spectra with those of authentic samples. 


Thermolysis of eloso-1,2-(SiMe3),-l,2-C,B,H, (1) : A vacuum-sealed pyrex 
tube (8 mm diameter) containing 1 (2.20 g, 10.1 mmol) was heated in stages 
from room temperature to ca. 300°C. The extent of the thermolysis reaction 
at each stage was monitored in situ by means of the I IB NMR spectrum of 
the reaction mixture. 
Figure 1 shows the IiB NMR spectra at several times during a typical reac- 
tion. From such measurements the optimum conditions for the disappearance 
of the I'B NMR doublets at 6 = 8.4 and - 11.6, characteristic of 1, and the 
formation of a new doublet at 6 = - 13.9, assigned to closo-l,6-(SiMe,),-l,6- 
C,B,H, (2), were found to be a thermolysis temperature of 250-255 "C for 
5-6 h. When the I'B NMR spectra showed the reaction to be complete, the 
tube was cooled to -196"C, opened in a glove bag, and the contents trans- 
ferred to a 15 mL flask equipped with a teflon stopcock. The flask was then 
attached to a vacuum-line, and the reaction mixture was slowly heated to 
70-80°C and fractionated through a series of traps maintained at  0, -45, 
- 78, and - 196 "C. The colorless liquid that collected in the -45 "C trap was 
identified as closo-l,6-(SiMe,),-l,6-C,B4H4 (2) (0.77 g, 3.5 mmol, 35% 
yield). B.p. l10-120"C/10-3 mmHg. ' H N M R  (C,D,, relative to external 
Me,Si): f i  = 0.98-3.67 (q, 4H,  'JBH =188.6 Hz), 0.39 (s, 18H, SiMe,): 
"B NMR (C,D,, relative to external F,B-OEt,): 6 = -13.9 (d, 4B, 
lJBH =187.5 Hz); I3C NMR (C,D,, relative to external Me,Si): 6 ~ 1 0 9 . 0 2  
[s, br, C(cage)], -0.41 (q, SiMe,, 'Jc,=121.10Hz); IR (C,H,, KBr): 
t = 2955 (sh), 2884 (sh), 2790 (w), 2625 (VS, vBH), 2484 (w). 2108 (w), 2003 
(w), 1878 (m), 1655 (w), 1561 (m). 1508 (m), 1443 (m), 1408 (s), 1323 (s), 
1249 (vs), 1226 (vs), 11 73 (vs), 1049 (vs), 1014 (w), 955 (w). 873 (vs), 844 (vs), 
808 (vs), 761 (s), 697 (m), 626 (m) cm-'; GC-MS: m/z (%) = 218 (6) [ M ' ] .  
203 (100) [ M +  - Me]. C,H,,B,Si, (218.1): calcd C 44.14, H 10.19: found C 
44.22, H 9.75. The polymeric residue, collected in the 0°C trap, could not be 
characterized satisfactorily. 


Calculations: Ab initio molecular orbital calculations were carried out 
on either an IBM RS6000 or a SGI Indigo"' with the SPARTAN[141 or 
GAUSSIAN-92[i51 series of programs. The geometries of the molecules were 
optimized at the 6-31 G* level of calculation under the assumption of C ,  
symmetry. The calculations show 2 to be more stable than 1 by 22.8 kJ mol- I .  


This value is not too different from the 27.5 kJmol-' calculated at  the same 
level of theory by McKee for the parent closo-C,B,H, carboranes. The 
difference in these relative stabilities is small. This is counter to what would 
be expected on steric grounds and is not consistent with the observation of an 
elongation of the C-C bond in going from the parent carborane to 2 (vide 
supra). Therefore, the difference may well be due to the level of theory used 
in the calculations 


Electron Diffraction Analyses: The GED intensities were recorded with a 
Gasdiffractograph KD-G2'I8' at nozzle-to-plate distances of 25 and 50 cm 
and with an accelerating voltage of ca. 60 kV. The electron wavelength was 
calibrated with ZnO powder diffraction in each experiment. The sample 
reservoirs were heated to 45 "C (1) and 38 "C (2), and the inlet system and 
nozzle to 55 and 45 "C, respectively. A nozzle with 0.8 mm diameter was used. 
The camera pressure during the experiments was ca. 2 x Torr. The pho- 
tographic plates were analyzed by standard methods"'' and averaged molec- 
ular intensities in the s ranges of 2-18 and 8 - 3 5 k '  were used in the 
analyses [s = (4x/1) sinO/2; /z = electron wavelength, O = scattering angle]. 
The radial distribution functions (RDFs) were calculated by Fourier trans- 
form of the molecular scattering intensities with an artificial damping func- 
tion exp(- ys2) ( y  = 0.0019 A'). Analyses of the RDFs (Figures 4 and 5 )  
resulted in preliminary geometric parameters for these molecules. 
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Figure 4. Experimental radial distribution function and difference curve for 1. The 
ponitiona of important interatomic distances are indicated by vertical bars. 
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Figure 5 Experimental radial distribution function and difference curve for 2. The 
positions of important interatomic distances are indicated by vertical bars. 


In the subsequent least-squares refinements, the molecular intensities were 
modified with a diagonal weight matrix, and known scattering amplitudes 
and phases were Local C,, symmetry was assumed for the 
trimethylsilyl and methyl groups in both compounds. Vibrational amplitudes 
were collected in groups according to type (dependent or independent of 
torsional vibrations) and distance. 
For the skeleton of 1. C,, symmetry was assumed. The orientation of the 
SiMe, groups is described by the dihedral angle cb(C2-C I-Si-C,,,) (C, is a 
methyl carbon atom), and torsion of both SiMe, groups in the same direction 
((7, overall symmetry) led to bctter agreement with the experimental RDF 
than torsion in opposite directions (C, overall symmetry). Mean values for 
the two types of B C and of B-B distances were refined in the least-squares 
analyses, and thedifferences in bond lengths A(BC) = (B4-C 1) - (B5-C 1) 
and A(BB) = (B3 -B5) - (B3-B4) were constrained to the ab  initio values. 
An uncertainty of k0.02 8, was estimated for these differences and was taken 
into account in the error limits of the individual bond lengths. The two types 
of Si C bonds, C 1 - Si and Si -C,, are predicted by the a b  initio calculations 
to differ by only 0.002 8, and therefore these distances were set to be equal 
in the least-squares analyses. With these assumptions, nine geometric parame- 
ters and seven vibrational amplitudesfzi' were simultaneously refined. The 
following correlation coefficients had values larger than 10.61: pI /p2 = 0.94, 
p ,  jp6 = 0.72, pz/p6 = 0.68. Numbering of geometric parameters p ,  and the 
final results are included in Table 1. 
L.oca1 D,, symmetry was assumed for the carborane skeleton of 2. The GED 
intensities and the RDF are not sensitive towards the orientation of the 
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SiMe, groups relative to the skeleton. Least-squares analyses with different 
fixed orientations or with freely rotating SiMe, groups resulted in nearly 
identical agreement factors. Since rotation about the C1-Si bond (C1 is the 
skeletal carbon atom) is governed by a 12-fold potential, very low barriers 
and free internal rotation at room temperature are expected. The final refine- 
ment was performed for a model with C,, overall symmetry (Figure 3). The 
two types of Si-C bonds in this molecule (i.e., C1 ~ - S i  and Si-C,) were 
described by a mean value (Si-C),e8n together with the bond length differ- 
ence A(SiC) = (C 1 -Si) - (Si-C,,,). On the basis of these assumptions, eight 
geometric parameters p, and twelve vibrational amplitudes["] were refined 
simultaneously. The following correlation coefficients had values larger than 
10.61: p1/p4 = 0.73, p2/p4 = - 0.68. Numbering of geometric parameters p, 
and the final values are included in Table 2. 


X-Ray Structural Analyses of 1 and 2: Samples for X-ray structure investiga- 
tions were prepared by condensing small amounts of the compounds into 
carefully cleaned X-ray capillaries (d = 0.2 mm) under high vacuum 
( p <  Torr). While cooled the capillaries were sealed by means of a resis- 
tance-heated platinum wire. Single crystals of both compounds were grown 
from the melt a t  temperatures close to the melting point ( 5  'C for 1, 20.5 "C 
for 2) in situ on a four-circle diffractometer (Syntex/Siemens P2,, Mo,, 
radiation). A limited data set was first collected for 1 at - 34 "C. The struc- 
ture could be solved and refined in space group P2,ic.  To improve the 
structural model by reduction of thermal vibration the crystal was slowly 
cooled to -175°C. At this temperature an extended data set ( 2 8 5 5 6 '  ; h, k ,  
i r )  was collected and used for the final refinement. Pertinent data are given 
in Table 3."" All hydrogen atoms were easily localized in difference Fourier 


Table 3. Crystallographic data for I and 2 


1 2 


formula 
M ,  
space group (no.) 
oipm 
hlpm 
r/pm 
1/1 


Bi' i.l" 
&'/loh pm' 
Z 
Tl C 
Pcnl'dlg cm 
%(Mo,,)/pin 
AMo,,)/mm-' 
F(000) 
no. of measured reflections 
no. of unique reflections 
no. of refined parameters 
R,,, 
RI(all data) 
wR2(all data) 
GOF 


C,H2zB,Si2 
217.68 
P 2 , / c  (14) 
974.6(1) 
1250.0(1) 
1195.1 (1) 
YO 
91.55(3) 
90 
1455.4(2) 
4 
-175k2 
0.993 
71.073 
0.207 
472 
3717 
3518 
149 
0.0159 
0 0344 
0.0791 
1.063 


C,H,,BS1, 
217.68 


634.9(1) 
635.1 (1) 
I089 9(2) 
74.54 (2) 
87.00(2) 
61.22(1) 
369.74 (12) 
1 
-179k2 
0.978 
71.073 
0.203 
118 
4371 
3273 
75 
0.0237 
0.0434 


1.113 


p i  ( 2 )  


0.1113 


maps. The positions of hydrogen atoms bonded to boron atoms were refined 
with inclusion of isotropic displacement parameters, and the methyl groups 
were included in the final cycles of refiiiement as  rigid units. Compound 2 
crystallized in the triclinic space group PT with one molecule in the unit cell 
arranged about a center of symmetry. The structure was completely solved 
with a data set collected at  - 33 "C. After refinement including anisotropic 
displacement parameters, the ellipsoids of the boron atoms showed unusually 
large elongations within the plane of the four-membered ring. To explore in 
more detail the background of this unusual feature the crystal was cooled to 
- 179 'C  at 2 ' .Ch- ' .  A second data set was collected at  this temperature out 
to 20 = 70' (Table 3["]). As indicated by the refined anisotropic displacement 
parameters, thermal vibration was considerably reduced in the expected way. 
Although elongation of the boron ellipsoids was still distinct. localization of 
hydrogen atoms presented no problem at this stage of refinement. To inves- 
tigate the distribution of electron density within the plane of the boron atoms, 
difference Fourier maps were derived from a model that included only Si and 
C atoms with isotropic displacement parameters. As depicted in Figure 6, at 
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Figure 6. Difference Fourier maps for 2 in the plane through the boron atoms (top: 
-34°C: bottom: - 179°C; crosses indicate the positions of hydrogen atoms). 


-33°C there are only four very shallow maxima, which are much more 
distinct at ~ 179 "C. This indicates dynamic behavior of the planar B, unit in 
terms of extensive oscillation or hindered rotation about the C 1 -C 1' axis of 
the molecule. It is remarkable that low barriers were derived in the gas phase 
(see above), which are still observable a t  rather low temperatures. The dy- 
namics also manifest themselves in a distinct increase by 1.62% ofthe molec- 
ular volume for the 1,6 isomer as compared to the 1.2 isomcr. 
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Indium-Mediated Reactions of Enamines in the Presence of Acid 


Laurent Tussa, Chrystkle Lebreton, and Paul Mosset* 


Abstract: The reaction of enamines with 
allyl bromide and nietallic indium in THF 
to afford homoallylamines was greatly ac- 
celerated by the addition of one equiva- 
lent of a suitable carboxylic acid, such as 
acetic acid. It was established that the 
likely mechanism consists of a nucle- 
ophilic addition of an indium sesquihalide 
to the iiiiinium salt formed by protona- 
tion of the enamine. Substituted allyl bro- 
inides also reacted with complete allylic 
transposition (?'-addition). In contrast to  


Introduction 


indium-mediated allylation of carbonyl 
compounds in which only two of the three 
allyl groups of the sesquihalide are in- 
volved, all three allyl groups are involved 
in the reaction with enamines. As a result 
only 2/3 equiv of indium are required. 


Keywords 
allylations * enamines - iminium salts - 
indium * zinc 


Since 1988, the use of metallic indium has been the subject of 
increasing interest for C-C bond formation, particularly in rc- 
actions with carbonyl compounds.['] Reactive halides (RX) 
such as allyl halides and sc-halo esters react with indium to 
afford indium sesquihalides (R,In,X,) .[21 Subsequent nucle- 
ophilic addition to carbonyl compounds gives homoallylic alco- 
h o l ~ [ ~ , ~ ]  or 8-hydroxy esters.["' 


Kecently, we described indium-mediated reactions of enam- 
ines 1 with allyl bromide or  methyl bromoacetate yielding 
homoallylamines 2 and /{-amino esters 3, respectively 
(Scheme 1 ).['I These reactions seemed surprising considering 
the nucleophilic character of enamines. The origin of the hydro- 
gen atom incorporated in a ,6 position to nitrogen was also 
unclear. The purpose of this paper is to present not only major 
improvements to these reactions, but also a likely mechanism. 


Results and Discussion 


From previous studies, the observed reactivity of enamines for 
the considered reactions seemed to parallel their basicity, since 
it increased with electron-donating substituents a t  nitrogen and 
at the /j position. This behavior is compatible with an initial 


[*]  P. Mossel. L Tusaa. C. le Lebrcton 
Laboratoire de Syntheses C t  Activations dc BiomolCcules 
UPRES-A CNRS 6052. ENSCR 
Avenue d u  GCneral Leclerc. F-35700 Rennes (France) 
1 . n :  Int code +(?99)87-1384 
c-mail: mossetiu univ-renne\l .fr 


R' 
I 


This allylation was also performed with 
zinc, tin, bismuth, and aluminum in the 
presence of a catalytic amount of InCI, 
instead of indium. However, these reac- 
tions invariably gave lower yields. The 
analogous reaction of methyl bromo- 
acetate instead of allyl bromide was also 
studied. This "Reformatsky-type'' pro- 
cess was also greatly accelerated by the 
addition of one equivalent of acetic acid. 
In this case, the yields remained moderate 
for both indium and zinc. 


P' 


1 2 


T' 
R' 


+ Rl,N,C02Me 
In A l l  ' L C 0 , M e  


1 + BrAC02Me 4 
THF R2 


3 4 


Scheme 1.  Indium-mediated reactions or enamines 1 with allyl bromide or methyl 
bromoacetatc yielding homoallylamines 2 and fi-ammo esters 3 respectively. 


protonation of the enainine leading to an iminium salt. Glass 
acidity was suspected to  be the proton source and also the origin 
of the incorporated hydrogen atom ,6 to  nitrogen. Moreover, 
better results were obtained when using a reaction flask pre- 
washed with acid! However, these reactions still suffer from 
both long reaction times (ca. 2 0 h  at room temperature) and 
often only moderate yiclds, probably due to  slow or partial 
proton supply. Addition of one equivalent of isopropanol 
proved beneficial only for the allylation of highly reactive en- 
amines. At this point, we surmised that addition of one equivalent 
of a suitable acid would lead to  not only accelerated reactions, 
but also to improved yields--and this was indeed the case! Thus, 
when one equivalent of acetic acid was added to the enamine in 
anhydrous THF followed by indium (2/3 equiv) and allyl bro- 
mide (1.5 equiv), indium was consumed far more rapidly than in 
our previous experiments. After basic (Na,CO,) workup and 
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purification by chromatography on basic alumina, tertiary ho- 
moallylamines were isolated, often in good yields (Scheme 2, 
Table 1). From Table 1, it can be seen that the reaction appears 
to tolerate various patterns of substitution, including a phenyl 
group on the carbon B to nitrogen (a situation that previously 
led to poor reactivity; entries 2 and 6). 


Scheme 2. Indium-mediated reactions of enamines with allyl bromide in the pres- 
ence of acetic acid. 


The influence of the acid added was studied for two enamines 
(Table 2). When acetic acid (pK, 4.74) was replaced by a 
stronger organic acid-dichloroacetic acid (DCA, pK,  1.30) or 
trifluoroacetic acid (TFA, pK, 0.23)-then similar or moderate- 
ly improved yields were obtained. It seems that this factor has 
little influence on the more reactive pyrrolidine-derived enamine 
(entries 1,2,3).  However, the use of a stronger acid was benefi- 
cial for the less reactive morpholine-derived enamine (entries 4, 
5, 6 ) .  


In order to confirm the origin of the incorporated hydrogen, 
deuterium labeling experiments were conducted with monodeu- 
teriated acetic acid (AcOD) as the acid source. As expected, 
amines substituted by one deuterium atom at a position B to 
nitrogen were obtained. However, they only had a modest incor- 
poration ratio of D (ca. 60%),  probably due to some deuterium 
scrambling.[61 


Homoallylamines were assumed to be formed by nucleophilic 
addition of allylic indium sesquihalide (allyl)31n2Br3 to the 
iminium ion. To test this hypothesis, the (allyl)31n2Br3 was syn- 
thesized separately (THF, RT, 15 min) and then added to the 


Abstract in French: La reaction d’enamines avec le bromure 
d’allyle et l’indium mitallique dans le THF pour conduire aux 
homoallylamines est,fortement accilirte par addition d’un equiva- 
lent d’un acide carhoxylique convenable tel que lhcide acetique. II 
a i t i  Ctabli que le mecanisme probable consiste en une addition 
nucleophile d’un sesquihalogenure d’indium a un sel d’iminium 
forme par protonation de l’enamine. Les bromures allyliques sub- 
stitues rkagissent kgalement uvec transposition ullylique complde 
(y-addition) . En contraste avec l’allylation des derives carbonylks 
au moyen de l’indium ou seulement deux des trois groupes allyle 
sont mis en jeu, tous les trois groupes allyle sont impliques dans la 
reaction avec les knamines rkduisant ainsi la stechiometrie de 
I’indium a 213 iquivalent. Cette allylation a aussi kt6 rdalisie par 
le zinc, I’etain, le bismuth et l’aluminium en presence d’une quan- 
tit6 catalytique de InCl, d laplace de l’indium mais invariablement 
avec des rendements injzrieurs. La reaction analogue du bromoac- 
Ptate de methyle a la place du bromure d’allyle a egalement &ti. 
itudiee. Cette reaction de “type Reformatsky” est aussi fortement 
accC1erCe par addition d’un equivalent d’acide acetique. Cepen- 
dant dans ce cas. les rendements restent modestes que ce soit 
l’indium ou le zinc qui est utilisi. 


Table 1 .  Synthesis of homoallylamines by the reaction of enamines with acetlc acid, 
indium, and allyl bromide [a]. 


Entry Enamine Homoallylamine Time %Yield 


LNL Me 
I 


Me 


‘Ph 


8 7  


Me 


Me 


Me 


Me 


cr 1 6  


Et 


0 1  ““T 1 8  


Me 


cr 1 9  


Me 


10 min 


30 min 


I h  


45 min 


40 min 


4 h  


75 min 


45 min 


40 min 


[a] Acetic acid (1 eqniv) was added to a solution of enamine in THF; after 5 min. 
In powder (0.67 equiv) was added followed by allyl bromide (1.5 equiv). [b] If 
1.2 equiv of acetic acid was used, then the reaction time was reduced to 10 min and 
the yield increased to 79%. [c] To prove that the incorporated H atom does not 
come from the solvent, this reaction was also performed in CCI,; however, due to 
poor solubility of intermediates in this solvent, a yield of only 23% was obtained. 
[d] This reaction was also performed with presynthesized indium sesquihalide (al- 
lyl)31n2Br3, which gave a 77% yield after 45min. [el With presynthesized (al- 
lyl)31n2Br3, a 38% yield was obtained after l h. 


iminium acetate obtained by adding one equivalent of acetic 
acid to the enamine. The resulting reaction was fast ( 2  1 h) and 
it afforded identical homoallylamines. Yields were somewhat 
reduced owing to partial loss during transfers. Further support 
for this mechanism, from the nucleophilic additions of other 
organometallic reagents to iminium salts, has already been de- 
scribed in the literature. The R group of the organometallic 
reagent (RMgX, RLi) was also introduced at a position c( to 
nitrogen.[’] Furthermore, Miginiac et al. reported the addition 
of zinc, magnesium, aluminum, and lithium organometallic 
reagents, where R is an allyl group, to an isolated iminium 
chlorohydrate; this reaction also led to tertiary homoallyl- 
amines.L8. 9l 


Chem. Eur. J.  1997, 3, No. 7 ((3 VCH VErlu~.~~e.~ellschaft mhH, 0-69451 Wrinhrim, 1997 0947-6S39/97/0307-l065 $17.501- ,5010 1065 







FULL PAPER P. Mosset et al. 


Table 2 .  Influence of carboxylic acid on the indium-mediated synthesis of homoal- 
lylaniines [a]. 


Entry Amine Acid [b] Time "h Yield 


1 17 AcOH 45 min 51 
2 17 DCA l h  41 
3 17 TFA l h  54 


4 21 AcOH 45 rnin 50 
5 21 DCA I h  66 
6 21 TFA 45 min 66 


~ 


l a ]  The indicated carboxylic acid [b] (1 equiv) was added to a solution of enamine 
in T H F  (at 0 C for DCA and TFA). After 5 min, In powder (0.67 equiv) was added 
at KI lollowed by allyl bromide (1.5 equiv). lb] DCA: dichloroacetic acid; TFA: 
trifluoroacetic acid. 


Substituted allyl bromides, such as methallyl and crotyl bro- 
mides, also reacted similarly (Scheme 3). In the latter case. only 
complete allylic transposition was observed, as the result of 
7-addition."" Thus, reaction of enamines 11 or 12, indium, and 
acetic acid with crotyl bromide afforded amines 24 and 25, 
respectively, in which the double bond had migrated to  a termi- 
nal position. Amine 25 was obtained as a 2: 1 mixture of diaster- 
eoisomers 


0-N a 
U 


1 1  


1 1  


n 
O - N y  


1 2  


1 )  AcOH (1 equiv) 


2) In (0.67 equiv) 
A OnN 


3, L B r  
u 


23 
(1.6 equiv) 


.ON 


1) AcOH (1 equiv) 


2) In (0.67 equiv) 


u 3) -6r 
(1.6 equiv) 2 4  


1) AcOH (1 equiv) 


2) In (0.67 equiv) 


3, -Br 


(1.5 equiv) 


- 0  nNq u 


25 [bl 


2 h, 51% [a] 


1 h, 55% 


50 mm, 69% 


Scheme 3. Reaction of enamines 11 or 12, indium, and acetic acid with crotyl 
bromide or CH,=C(CH?)CH,Br. La] With Zn (1.25 equiv) and InC1, (0.1 equiv) 
instead of In. a yield of 37% was obtained after 3 h. [b] Obtained as a 2:l  mixture 
of diastereomers. 


One aspect that deserves attention is the fact that only 
213 equiv of indium was used. Several yields were well above 
6714. which implies that all three allylic groups of the indium 
sesquihalide are involved. This contrasts with the previously 
reported indium-mediated allylation and Reformatsky reac- 
tions of carbonyl compounds where only two of the three 
R groups of the indium sesquihalide were involved. 


The efficiency of indium was also compared to that of two 
more electropositive metals--aluminum and zinc--and two less 
electropositive ones-tin and bismuth (Table 3). The same reac- 
tion proceeded with zinc, although in noticeably inferior yields, 
while aluminum proved to be inefficient. Metallic tin was also 
able to mediate the allylation affording comparable yields to 
zinc, but the reaction times were noticeably longer. Metallic 
bismuth was far less reactive. The effect of the further addition 


Table 3. Comparison of the synthesis of homoallylamines mediated by indium vs. 
zinc or aluminum (with and without InCI,) 


Entry Enamine Homoallylamine Conditions [a] Time % Yeld 


a 


9 


11 


12 


1 7  
Et 'Et 


Me 


0 1  c"c Me 2 1  


In 


Zn 
Zn + lnCl3 


Al 


Al + InClg 


In 


Zn 


Al 


Al + lnCl3 


Sn 


Bi 


In 
Zn 


Zn + lnCl3 


Al 


A1 + lnCi3 


Sn 


Bi 


In 


Zn 
Zn + lnC13 


Al 


Al + InClg 


S n  


Bi 


45 min 


4 h  


3.5 h 


3 h  


3.5 h 


40 min 


30 min 


2 h  


3 h  


6 h  


23 h 


75 min 


2 h  


4 h  


2 h  


2 h  


9 h  


48 h 


45 min 


4 h  


I h  


3.5 h 


2 h  


7 h  


32 h 


[a] Acetic acid (1 equiv) was added to a solution of enamine in T H E  After 5 min, 
the metal was added, followed by ally1 bromide (1.5 equiv); the following quantities 
of metal/catalyst were used: In: In powder (0.67equiv); Zn: Zn powder 
(1.25 equiv); Zn + InCI,: Zn powder (1.25 equiv) and InCI, (0.1 equiv); Ah AL 
powder (1 equiv), A1 + InCI,: Al powder (1  equiv) and InC1, (0.1 equiv); Sn: Sn 
powder (1.2 equiv); Bi: Bi powder (1 equiv). [b] 20% yield after 1 h. [c] No reac- 
tion. [d] Starting enamine was recovered along with minor amounts of by-product? 
in which 18 was not detected. [el Tin consumption was 49 "A [!I Tin consumption 
was 70%. [g] Several products; the homoallylamine is a minor component. [h] Tin 
consumption was 64%. 


of a catalytic amount (0.1 equiv) of InC1, was also studied. It 
was found that metallic indium was regenerated at  the expense 
of the more electropositive A1 or Zn. A similar catalytic proce- 
dure has already been reported for the allylation of carbonyl 
compounds.r'','21 Little change was observed on additon of 
catalytic amounts of indium to the zinc system; however, good 
results were observed in some cases for the aluminum system. 
Additionally, the metal (A1 or Zn) that gave the best results in 
the catalytic procedure varied from reaction to reaction. How- 
ever, the yields obtained were always inferior to those from the 
use of indium alone. Furthermore, reactions appeared to  be 
slower and their progress was less convenient to follow because 
the disappearance of the metal was less easily visualized. 


Previously, we reported that a "Reformatsky-type'' reaction 
is similarly observed when an enamine is stirred with indium and 
methyl bromoacetate in THEr5' The products formed are p- 
amino esters 3 and significant amounts of 4 as by-product 
(Scheme 1 ). As for the allylation reactions, these experiments 
were repeatcd with addition of acetic acid (1 equiv) to the enam- 
ine in THF followed by indium (2/3 equiv) and methyl bro- 
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moacetate (1.4 equiv). Compared to our previous results, the 
addition of acetic acid also greatly accelerated the reactions. 
Furthermore, no or very little by-product 4 was formed, but 
unfortunately yields remained moderate (Scheme 4, Table 4). 


Scheme 4. Indium-mediated reactions ofenamines with methyl bromoacetate in the 
presence of acetic acid. 


Table 4. Synthesis of b-amino esters by the reaction of enamines with acetic acid, 
indium or zinc (with and without InCI,), and methyl hromoacetate. 


Entry Enamine P-Amino ester Conditions [a] Time 96 Yield 


In 45 min 35 


1 0 c?N K C 0 2 M e  Zn l h  - @I 
Zn+ lnC13 I h 29 Et 


0-l 
In I h  26 


2 Zn 1.5 h 41 11 
Zn + lnCl3 2.5 h 32 


4 h  36 


3 4 h  17 


14 


12 


( p h c H 2 ) 2 N ~ e C 0 2 M e  In 2 h  23 


4 13 Zn 2 h  1 ICl 


2 9  Zn+lnCl3 z h  3 [CI Me 


[a] Acetic acid (1 equiv) was added to a solution of enamine in THE After 5 min, 
the metal was added, followed by methyl bromoacetate (1.4 equiv); the following 
quantities of metal/catalyst were used: In: In powder (0.67 equiv); Zn: Zn powder 
(1 .25 equiv); Zn +InC1,: Zn powder (1.25 equiv) and InC1, (0.1 equiv). [h] By- 
products were formed. [c] Corrected yield of 29, taking into account the fact that 
a ca. 2:  1 mixture of by-product 4 (R' = CH,Ph) and 29 was obtained. 


Similarly to our results on the allylation reactions, it is reason- 
able to postulate that p-amino esters are formed by nucleophilic 
addition of indium sesquihalide (MeO,CCH,),In,Br, to the 
iminium salt. The use of zinc instead of indium also afforded 
p-amino esters, but the yields were highly dependent on the 
starting enamine. For instance, enamine 8 failed to give 26 
(entry I) ,  while enamine 11 gave 27 in better yield than with 
indium. The addition of a catalytic amount of InCl, afforded a 
comparable result to that obtained with indium in the case of the 
pyrrolidine-derived enamine 8, while it seemed detrimental in 
the case of morpholine-derived enamines. The reactivity of a 
dibenzylamine-derived enamine 13 was also studied, because 
benzyl groups can easily be cleaved. Unfortunately, this gave the 
worst results: low to very low yields and even formation of 
by-product 4 when zinc was used. So far, attempts to improve 
these "Reformatsky-type'' reactions, for example, by changing 
the temperature, the stoichiometry, or the nature of the acid, or 
by using the more reactive ethyl iodoacetate instead of methyl 
bromoacetate, have not met with much success. A possible ex- 
planation of the moderate yields may be a partial consumption 
of the p-amino ester by quaternarization with the unreacted 


haloacetate. To minimize this problem, the indium sesquihalide 
was also pre-synthesized in the case of ethyl iodoacetate (35 min 
at RT in THF). Subsequent addition of the enamine followed 
by acetic acid afforded the expected b-amino ester. Unfortu- 
nately, the yields were not improved. 


Conclusion 


Compared to our previous results, we found that the addition 
of an equimolar amount of acetic acid to an enamine greatly 
improved subsequent indium-mediated reactions with allyl 
halides or methyl bromoacetate. Additionally, a likely mecha- 
nism was proposed, which involves a nucleophilic addition of an 
indium sesquihalide to an iminium salt. Furthermore, in con- 
trast to the reactions of other electrophiles (carbonyl com- 
pounds, etc.), all three (and not just two) R groups of R,In,Br, 
are involved in reactions with iminium salts; the required 
indium stoichiometry is thus reduced from 1 to 2/3 equiv. Ally- 
lations were also performed with some other metal systems in- 
stead of indium, but these all gave inferior yields. The experi- 
mental procedure used for the described reactions is straightfor- 
ward and does not require the handling of reactive organometal- 
lic reagents. The "Reformatsky-type'' reactions still need to be 
improved, and extension might be possible to other reactive 
halides.r131 


Experimental Section 


Melting points above 60 "C were determined with a Kofler bench. IR spectra 
were recorded on a Nicolet205 FT-IR spectrometer. NMR spectra were 
measured using dilute solutions on a Bruker ARX400 spectrometer. Chemi- 
cal shifts were recorded as 6 downfield from the internal standard (TMS). 
Thin layer chromatography (TLC) was carried out on aluminum sheets pre- 
coated with silica gel 60F,,, (E. Merck). The plates were inspected by UV 
light followed by development with iodme vapor. Elemental analyses were 
performed by ENSCR on an Eager200CHN elemental analyzer. Mass spec- 
tra (MS) were recorded on a Finnigan INCOS 500 spectrometer. High resolu- 
tion mass spectra (HRMS) were obtained under electronic impact at 70 eV 
from a Varian MAT311 spectrometer at the Centre Regional de Mesures 
Physiques de I'Ouest. Picrates were obtained by the addition of an equimolar 
amount of picric acid to the purified amine, followed by isopropanol (10- 
30 mLmmo1- I ) ,  the mixture was heated until dissolution was complete. then 
slowly cooled in a Dewar overnight, the crystals were collected. then washed 
with cold isopropanol (= - 15 "C). 


General procedure: Anhydrous THF (1.6 mL) and enamine[14' (0.7 mmol) 
were introduced under N, into a flame-dried two-necked reaction flask 
equipped with a condenser connected to an oil bubbler. Acetic acid (40 pL, 
0.7 mmol) was added with stirring. When dichloroacetic or trifluoroacetic 
acid was added instead, the THF solution of enamine was previously cooled 
to O"C, and 5 min after the acid addition, the ice bath was removed and the 
resulting mixture was allowed to warm to RT for 10 min. Five minutes after 
addition of acetic acid, one of the following powdered metals was added: In 
powder"51 (54 mg, 0.47 mmol, 0.67 equiv), Zn powder"" (57.2 mg, 
0.875 mmol, 1.25 equiv), Al powder"51 (19 mg, 0.7 mmol, 1 equiv), Sn pow- 
der[l5] (100 mg, 0.84 mmol, 1.2 equiv), or Bi po~der"~ ' (146 .3  mg, 0.7 mmol. 
1 equiv); in some cases a catalytic amount of InCl,"" (15.5 mg, 0.07 mmol. 
0.1 equiv) was also added. Finally, allyl bromide (91 pL, 1.05 mmol, 
1.5 equiv) or methyl bromoacetate (91 pL, 0.96 mmol, 1.4 equiv) was added. 
The resulting mixture was stirred at RT for the indicated time. After addition 
of saturated aqueous Na,CO, (5-6mL), the mixture was extracted with 
ether (3 x 10 mL). The combined organic extracts were dried (Na,SO, or 
MgSO,). In the reactions with tin, the white precipitate was removed by 
filtration over basic alumina (0.7 g). Concentration in vacuo afforded an oily 
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residue, which was purified by flash-chromatography on basic alumina (2 
3 6 )  using gradient elution from petroleum ether to ether/petroleum ether 
(1 -9  to 3:7, depending on the polarities of the amines). All amines were 
obtained as colorless oils, except 23 and 27 which were white crystals. 


2-Methyl-4-pyrrolidinohept-6-ene (14): R, z 0.02 (ethyl acetate/petroletim 
ether 3:7, lengthened spot); IR (neat, KBr): T; = 3076,2956,2870, 2791,1639 
(C=C), 1466, 1384, 1366, 997, 908cm-'; 'HNMR (400MHz, CDCI,): 
6 == 5.88 (ddt. J=17.1,  10.1, 7.1 Hz, 1H,  H-C6).  5.07 (ddt, J=17.0,  2.1, 
1.5Hz,1H,H-C7),5.04(ddt,J=10.1,2.1,1.lHz,1H.H C7),2.62(very 
broad t, J = 6.5 Hz, 4H,  2 CH,-N), 2.45 (broad tdd, J = 6.5, 6.2, 4.2 Hz, 
1 H, H -C4),  2.33 (dddt, J = 14.4, 6.9,4.2, 1.4 Hz, 1 H, H - C5), 2.23 (pseudo 
dddt,J=14.4, 7.3,6.3, 1.1 Hz, l H ,  H--C5), 1.77(m.4€1, 2CH,CH,-N), 
1.67 (d septet, J=7.4,  6.6Hz, I H ,  H-C2, e.g. CH(CH,),), 1.41-1.32 (m, 
2 H , H  C3),0.89(d,J=6.6Hz,3H,CH,),0.88(d,J=6.6Hz,3H,CH3); 
'V:  NMR (100 MHz, CDCI,): 6 =136.01 ( C 6  e.g. CH=CH,), 116.43 (C7), 
60.51 (C4). 50.49 (2 CH,-N), 40.83 ( C 3 ) .  35.99 ( C S ) ,  25.30 (C2 e.g. 
CH(CH,),), 23.59 (CH,), 23.44 (2 CH,CH,-N), 22.36 (CH,). 


Picrate salt: yellow crystals (iPrOH), m.p. 110°C; C,,H,,N,O, (410.4): 
calcd C 52.68, H 6.39, N 13.65; found C 53.02, H 6.50, N 13.84. 


2-Pyrrolidino-I-phenylpent-4-ene (15): IR (neat, KBr): ? = 3073, 3064, 3027, 
2965.2930,2785,1639 (C=C), 1604 (aromatic C=C), 1495,1454,1137,930, 
745, 700cm ~ ' ;  'HNMR (400 MHz. CDCI,): 6 =7.30-7.25 (m, 2H) ,  7.22- 
7.17 (in, 3H) ,  5.90 (ddt, J=17.0,  10.3, 7.0Hz, l H ,  H-C4), 5.06 (ddt, 


CS),2.99(m, l H . H - C 1  e.g. CH,--Ph),2.76-2.61 ( m , 6 H , 2 C H 2 - N ,  1 H  
of('H, Phe.g.H- C 1 , a n d H  C2),2.29 2.12(m,2H,H-C3),1.85-1.74 


135.50 (C4 e.g. C.'H=CH,), 129.40 (2C,,,,,), 128.24 (2C,,,c,r0), 125.87 (C,,,,), 
116.82 ( C 5 ) .  64.92 ( C 2 ) ,  51.17 (2 CH,-N). 37.65 ( C 3 ) ,  35.52 (C1 e.g. 
CH,Ph), 23.51 (2 CH,CH,--N). 
Picrate salt: yellow crystals (iPrOH), m.p. 108 "C; C,,H,,N,O, (444.4): 
calcd C 56.75, H 5.44. N 12.61; found C 57.05, H 8.53, N 12.69. 


I-Allyl-1-pyrrolidinocyclohexane (16): IR (neat, KBr): C = 3074, 2931, 2852, 
2798, 1637 (C=C) ,  1463, 1446, 1163, 10x1, 1019, 996, 907cm-'; 'HNMR 
(400 MHL, CDCI,): B = 5.94-5.81 (m, 1 H, CH=) ,  5.06-4.97 (m, 2H,  
=CH,) ,  2.68 (broad, 4H,  2 CH,-N), 2.20 (broad d, .I =7.4 Hz, 2 t f .  
CH2CH=), 1.71 (broad apparent p. J =  3.0 Hz, 4H,  2 CH,CH,-N), 1.66- 
1.51 (m. SH, He,), 1.49-1.30 (m, 5H,  H8J; I3C NMR (100 MHz, CDCI,): 
6 =136.21 (CH=). 116.34 (=CH,), 56.43 (C-Nq,,,). 44.05 (2 CH,-N), 
36.91 (CH,-CH=), 33.20 (2 CH, 01 to C,,,,,), 26.13 (CH, to C,,,,), 24.36 
(2 CH,CH,-N), 21.76 (2 CH, f i  to CquaJ; MS (CI, NH,): 168 (100) 
[M 4- H] + .  


Picrate salt: long and thin yellow needles (PrOH),  m.p. 114.5"C; 
C,,H,,N,O, (422.4): calcd C 54.02, H 6.20, N 13.26; found C 54.43, H 6.33, 
N 13.39. 


3-Ethyl-4-pyrrolidinohept-6-ene (17): R, r 0.05 (ethyl acetate/petroleum ether 
3:7. lengthened spot): IR (neat, NaCI): V = 3076, 2963, 2932, 2875, 2787, 
1639(C=C),1460,908cm-'; 'HNMRand' . 'CNMRinCDCl, :seeref .  I S ] ;  
HRMS (70eV, El) C,,H,,N: [MI' calcd 195.1987. found 195.1996 and 
CIoHzoN: [M - 'CH,CH=CH,]+ calcd 154.1595, found 154.1596; 


. I ~ 1 0 . 3 , 2 . 2 , 1 . 2 H ~ , l H , H - C 5 ) . 5 . 0 3 ( d d t , J = l 7 . 0 , 2 . 2 . 1 . 5 H z , 1 H , H ~  


(111. 4H, 2 CHZCH, -N);  I3C NMR (I00 MHz, CDCI,): 6 = 140.28 (C,,,,), 


~ I / Z  ("/.)I 195 (0.9) [MI+ ,  154 (66.4) [ M -  'CH,CH=CH,]'. 124 (100) 
[M -- 'CHEt,]+. 
Picrate salt' yellow crystals (iPrOH), m.p. 121 "C; C,,H,,N,O, (424.5): 
calcd C 53.77, H 6.65, N 13.20, found C 53.91, H 6.76, N 13.25. 


2-ILlethyl-4-morpholinohept-6-ene (18): R, = 0.56 (ethyl acetate/petroleum 
ether 3:7): 1R (neat, KBr): i. = 3076, 2956, 2926, 2853, 2812, 1639 (C=C), 
1467. 1452, 1155, 1119, 995, 91Ocin-'; 'HNMR (400MHz. CDCI,): 
B=S.X0(dddd.J=17.0,10.2,7.7,6.6Iiz,lH,H-C6),5.02(ddt,.l=17.0, 
2.0, 1 . 5 H ~ , l H , H - C 7 ) . 4 . 9 9 ( d d t . J = 1 0 . 2 , 2 . 0 , 1 . 2 € ~ ~ , 1 H , H - C 7 ) , 3 . 7 1 -  
3 .62(m.4H,2CH,~0) ,2 .59(pseudodddd,J=11.3 ,5 .4 ,3 .9 , l .OHz,2H,  
C H ,  N). 2.50(dddd, J = 8 . 1 ,  7.7, 6.0, 5.4Hz, I H ,  H-C4), 2.46 (pseudo 
dddd, J = l l . ? ,  5.3, 3.8, 1.1 Hz, 2H,  Cff,-N), 2.33 (dddt,J=13.8, 6.7, 5.4, 
I .SHz,  I H.H-CS),  1.95(dtt, J = 1 4 . 0 , 7 . 7 , 1 . 2 H ~ ,  lH,H-CS),1.73(dqqd, 
J =  8.0, 6.7, 6.6, 6.0Hz, l H ,  H-C2e.g. CHMe,), 1.36(ddd,J=14.0, 8.1, 


J = 6.7 Hz, 3 H, Me), 0.86 (d, J = 6.6 Hz. 3H.  Me); "C NMR (100 MHz, 
6.0Hz, l H ,  H-C3), 1.11 (ddd,.I=14.0, 8.0, 6.0Hz, lH,H-C3) ,0 ,88(d ,  


CDCI,): 6 =137.37 (C:6), 115.76 (C7), 67.60 (2 CH,-0). 61.85 (C4), 48.73 


(2 CH,-N), 39.25 ( C 3 ) ,  34.08 ( C 5 ) ,  24.88 (C2). 23.11 (CH,), 22.39 (CH,); 
MS (CI, NH,): mjz (YO): 198 (300) [ M + H ] + ;  HRMS (70 eV, EI) C,H,,NO: 
[ M  - 'CH,CH=CH,]+ calcd 156.1388. found 156.1386; mi= ( X ) :  156 (100) 
[ M -  'CH2CH=CH2]+, 140 (11.9) [A4 - 'iBu]', 114 (9.5). 41 (14.9). 18 
(12.1). The picrate did not crystallize and remained oily. 


2-Morpholino-1-phenylpent-4-ene (19): R, = 0.41 (ether/petroleum ether 
1 : l ) ;  I R  (neat, KBr): S = 3074, 3063, 3027, 2955, 2928, 2854, 2811, 1639 
(C=C), 1603 (aromatic C=C),  1495, 1454, 1117, 910, 855, 742, 700cm-I; 
' H N M R  (400 MHz, CDCI,): 6 =7.31-7.24 (m, 2H,,,, aromatic), 7.22 ~ 


7.15 (m. 3HUllhoiPalY aromatic), 5.88-5.75 (m, I H ,  H-C4), 5.03-4.95 (m, 
2H,  H-CS),  3.72-3.62(m, 4H,2CH2-O),2.90(dd,J=13.5,  5.YHz, I H ,  
H -  C1 e.g. CH,-Ph), 2.74 (dddd. J=7 .7 ,  7.1, 6.8, 5.9 Hz [broad apparent 
p. J =  6.8 Hzl, 1 H, H-C2), 2.67-2.57 (m [mainly broad apparent t, 
.1=4.5H~],4H,2CH,-N),2.50(dd,J=13.5,7.7H~,lH,H-C1),2.28 
(dtt,J=14.5,7.0,1.4H~,1H,H-C1),2.08(dddt,J=l4.5,7.4,6.2,1.3H~, 
I H, H--C3); I3C NMR (100 MHz, CDC1,): 6 = 140.62 (C,,,), 136.83 (C4), 
129.23 (2C,,,,,,), 128.20 (2CmetJ, 125.81 (C,,,,), 115.93 ( C S ) ,  67.43 (2 CH,- 
0). 66.35 (C2), 48.99 (2 CH, -N), 35.70 (Cl ) ,  34.31 ( C 3 ) ;  MS (CI, NH,): 
miz (YO): 232 (100) [ M + H ] ' ;  HRMS (70eV. El) C,,H,,NO: [ M I +  calcd 
231.1623, found 231.1612 and C,,HI,NO: [M - 'CH,CH=CH,]+ calcd 
190.1232, found 190.1237; m/z (%): 231 (0.25) [MI+,  190 (48.5) 
[A4 - 'CH,CH=CH,] ' , 140 (100) [ M  - 'CH,Ph]+. The picrate did not crys- 
tallize and remained oily. 


1-Allyl-I-morpholinocyclohexane (20): Colorless oil which crystallized in 
freezer yielding white crystals melting at 3 " C ;  R, = 0.41 (ether/petroleum 
ether 3:7); IR (neat, KBr): V = 3074, 2934, 2851. 2810, 1637 (C=C), 1455, 
1268, 1155, 1121,983,909,856 cm-I;  'H NMR (400 MHL. CDCI,): B = 5.82 
(ddt, .1=15.8, 11.2, 7.4H2, l H ,  CH=),  5.00 (dt, J = ' l 5 . 8 ,  1 . 3 H ~ ,  I H ,  
=CH,), 5.00--4.96 (m, 1 H, =CH,), 3.70~-3.64 (m. 4H,  2 CH,-O) ,  2.60- 
2.54 (m, 4H, 2CH,--N), 2.12 (dt, J=7 .5 ,  1.2Hz, 2H,  CH,CH=), 1.71- 
1.51 (m, SH, HJ,  1.39-1.17 (m, 5H,  HJ; 13C NMR (100 MHz, CDC1,): 
6 d 3 5 . 7 5  (CH=), 116.77 (=CH,), 68.12 (2 CH,-O), 57.17 (C-Nqua,), 
44.93 (2 CH2. N), 38.17 (CH2-CH=), 32.29 (2 CH, C( to Cqua,), 26.25 (CH, 
1' to Csua,), 21.01 (2 C'H, 11 to C,,,,). 
Picrate salt: yellow crystals (iPrOH/acetoiie 2:1), m.p. 155 'C; ' H N M R  
(400 MHz, CDCI,): 6 = 10.57 (broad. 1 H, NH+) ,  8.91 (s, 2 H  aromatic), 5.91 


=CH,), 5.32 (ddt. J=10.1,  1.4, 1.2Hz, l H ,  =CH,),  4.00 (pseudo d, 4H, 
J = 9.3 Hz, 2 CH,-0), 3.63 (broadd,J  =11.5 Hz. 2H,  CH,-N), 3.22(very 
broad p, J = 8.7 Hz, 2H,  CH,-N). 2.69 (dt, J = 7.3, 1.4 Hz, 2H.  CH,CH=), 
2.05 (very broad d, .I=12.4Hz, 2H),  1.92-1.79 (m, 4H), 1.70 (broad dt, 


(ddt ,J=17.0,  10.1,7.3Hz. l H , C H = ) ,  5.34(ddt,J=17.0, 1.4, 1 . 4 H ~ ,  1H. 


Jz12 .5 .  3.2Hz, l H ) ,  1.40 (qt, J=13.5 ,  3 . 6 H ~ ,  2H),  1.13 (qt, J=13.2, 
3.8 Hz, 1 H); I3C NMR (100 MHz, CDCI,): 6 =161.32 (C-OCp3,,), 
141.77 (2 C-(NOJLpso), 131.16 (CH=), 128.30 (C-(N02),,J, 126.72 
( 2  CH,,,,,,,,), 120.92 ( = C ' H Z ) ,  69.34 (C-NqUa,), 64.39 (2 CH2 - O ) ,  46.93 
(2 CH,-N), 34.11 (CH2-CH=), 31.07 (2 CH, x to C,,,,), 24.39 (CH, 7 to 
C,,,,), 22.39 (2 CH, f i  to C,,,,,); C,,H,,N,O, (438.4): calcd C 52.05. H 5.98. 
N 12.78 found C 52.17, H 6.06, N 12.82. 


2-MethyI-3-morpholinohex-5-ene (21): R, = 0.55 (ether/petroleum ether 1 : 1); 
1R (neat, KBr): i = 3076, 2957. 2852, 2810, 1638 (C=C), 1468, 1450, 1290, 
1257,1119,1011,994,909,857cm I ;  'HNMR(400 MHz,CDCI,): 6 = 5.89 


H-C6), 4.97 (ddt, J=10.1,  2.0, 1 . 2 H ~ ,  I H ,  H-C6), 3.69--3.60 (m, 4H,  
2CH,~-0) ,2 .65(pseudodddd,J=11.4,5.3,3.9,1 .0Hz,2H,CH,-N),253 
(pseudo dddd, J=11.4, 5.3, 3.9, 1.0Hz, 2H, CIf,-N), 2.36-2.25(m, l H ,  
H-C4),  2.21-2.11 (ni, 2H,  H -C3.4), 1.80 (dqq, J = 7 . 0 ,  6.7, 6.7Hz, l H ,  
H-C2),  0.94 (d. J = 6.7Hz, 3H, Me), 0.91 (d, .I= 6.7 Hz, 3H,  Me); I3C 
NMR (100 MHz. CDCI,): 6 =138.72 ( C 5  e.g. CH=CH,), 115.26 (C6). 
70.27 ( C 3 ) ,  67.66 (2 CH2-O), 50.05 (2 CH,-N), 31.94 (C4). 29.88 (C2), 


(ddt,J=17.1, 10.1.6.9 Hz, 1 H, If-CS), 5.04(ddt,.I =17.1,2.0. 1.5 Hz, 1 H, 


20.80 ( M C ) ,  20.05 ( ~ e ) .  
Picrate salt: yellow crystals (iPrOH), m.p. 123-124-C; 'HNMR (400 MHz, 
CDCI,): 15 = 10.71 (broad, 1 H, N H  '), 8.92 (s, 2H aromatic). 5.80 (dddd, 


H-C6), 5.22 (dtd, J=10.2 ,  1.4, 1.1 Hz, 1 H, H-C6), 4.27-3.90 (m, 4H, 
2CH,-O), 3.67-3.42 (broad, 2H,  CH,-N), 3.29-3.03 (broad, 2H, CH,  
N), 3.20 (td, J =  5.7, 3.5Hz, l H ,  H - C 3 ) ,  2.65 (dddt, J=16.1,  7.2, 6.1, 
1 . 3 H z 3 1 H , H  C4) ,2 .55 (ddd t , J= I6 .1 ,6 .4 ,5 .6 ,1 .6Hz , lH ,H-C4) ,2 .33  
(qdd. .I=7.0, 6.7, 3.5 Hz, I H ,  H-C2), 1.05 (d . J=7 .0Hz.  3H. Me), 1.04(d. 
J = 6.7 Hz, 3H, Me); " C  NMR (100 MHz, CDCI,): 6 = 161.50 


.1=17.1, 10.2,7.1,6.5Hz, l H . H  - C 5 ) ,  5.27(dtd,J=17.1, 1.6. 1.1 Hz, l H ,  







141.61 (2 C - ( N O , ) ~ ~ ~ J ,  134.07 ( ~ 5 ) .  128.57 ( r  ~ ( N O , ) ~ ~ J ,  126.80 
(2 CH,,,,,,,,), 119.25 (C6), 72.27 ( C 3 ) ,  63.78 (2 CH,-0). 51.23 (C'H, N), 
50.12 (CH,-N), 29.58 (C4), 28.07 ( C 2 ) ,  21.67 (Me), 17.20 (Me): 
C,,H,,N,O, (412.4): calcd C49.51, H 5.87, N 13.59; found C49.32, H 5.98, 
N 13.66. 


3-Dibenzylamino-2-methylhex-5-ene (22): Colorless oil which crystallized on 
storage in freezer yielding whitecrystals melting at 14--15 "C; I R  (neat, KBr): 
i = 3063, 3027, 2956, 2929, 2799, 1638 (olefinic C=C),  1602 (aromatic 
C=C) ,  1494, 1454, 1028,906, 745, 698 cm- ' ;  ' H  NMR (400 MHz. CDCI,): 
6 =7.37 (pseudo dm, J z 7 . 5  Hz, 4H,  aromatic Hnrtho), 7.29 (pseudo tt, 
J-7.5, 1.5 Hz, 4H, aromatic H,,,,), 7.21 (ddt, . I=  8.1, 6.4, 1.3 Hz, 2H, 
aromatic Hpar(,), 5.86 (ddt, J=17.1.  10.1, 7.0Hz, l H ,  H-CS), 5.06 (ddt, 
J=17.1,  2.0, 1.6Hz. lH,H-C6) ,4 .99(ddt , J=I0 .1 ,2 .0 ,  1.3Ha, 1H. H 
C6), 3 .75(d,J=13.7Hz,  2H,  CH,Ph), 3 .54(d,J=13.7Hz.  2H,  CIl,Ph), 
2.47(dddt,J=14.5,7.1,5.8,1.4H~,lH,H-C4),2.36(dt,J=7.5,5.8H~, 
1H. H-C3), 2.19 (dddt, J z 1 4 . 5 ,  7.0, 5.X, 1 . 4 1 k  I H ,  H C4), 1.90 (d 
septet, J =7.5, 6.7 Hz, 1 H, H-C2), 0.97 (d, J = 6.7 Hz, 3 H, CH,), 0.85 (d, 
J =  6.7 Hz. 3H,  CH,);  I3C NMR (100 MHz, CDCI,): rS =140.51 (2CzpJ, 
138.94(C5e.g. CH=CH,). 328.94 (4C,,,,,,), 128.05 (4Cn,ctu), 126.64 ( 2 C ,  ",,, ), 
115.24 (C6), 62.88 ( C 3 ) ,  54.33 (2 CH,Ph), 31.68 (C4), 30.17 (C2 e.g. 
CH(CH,),), 21.25 (CH,), 20.63 (CH,). 
Picrate salt: thin yellow needles (iPrOH), m.p. 138 "C; C,,H,,N,O, (522.6): 
calcd C 62.06. H 5.79, N 10.72; found C 62.19, H 5.80, N 10.70. 


1-(2-Methylprop-2-en-I-yl)-I-niorpholinocyclohexane (23): White crystals, 
m.p. 35--36"C; R, = 0.62 (etheripetroleum ether 1 :l); IR (Nujol, KBr): 
i = 3073, 1640 (C=C), 1455, 1268, 1122, 983, 889cm- ' ;  ' H N M R  


J = 2 . 6 , 0 . 9 H z , I H , = C N 2 ) , 3 . 7 2  3 . 6 5 ( m , 4 H , 2 C H 2  0) ,2 .56-2.52(m, 


0.9 Hz, 3H,  Me), 1.71-1.55 (m, 5H,,), 1.40-1.28 (m, 4H,,), 2.25-1.10 (ni, 


(400 MHz, CDCI,): S = 4.X4 (dq, J =  2.6, 1.4 Hz, 1 H, C H ,  =), 4.65 (dq, 


4H. 2 C H 2 - N ) ,  2.04 (d, J = 0 . 7 H z ,  2H,  CH,CH=), 1.78 (dd, J ~ l . 4 ,  


1 HnJ; 13C NMR (100 MHL, CDCI,): 6 =143.47 (C=) ,  114.32 (=CH,), 
68.06 (2 CH,-O), 57.91 (C'-NqUa,)- 44.47 (2 CH,- N), 40.53 (CH,- C z ) .  
32.35 ( 2  CH, a to Cg,,,), 26.16 (CH, to C,,,,), 25.74 (Me), 20.91 (2 CH, /I 
to C,,,,); C,,H,,NO (223.4): calcd C 75.28, H 11.28, N 6.27; found: C 74.90, 
H 11.54, N 5.98. 


1 -(l-Methylprop-2-en-l-yl)-l-morpholinocyclohexane (24): R, = 0.64 (ether/ 
petroleum ether 1 : l ) ;  IR (neat, KBr): i. = 3072, 2939, 2850, 1636 (C=C),  
1455,1268,1120,984,910.853 em- ' ;  'H NMR (400 MHz, CDCI,): 5 = 5.85 
(ddd,J=17.0,10.2,9.0H~,lH,CH=),4.95(ddd,J=17.0,2.0,0.9H/,lH, 
CIl,=),4.93 (dd,J=10.2,2.0 H L ,  1H,  =CH2),3.62(apparent t , . I =  4.5 Hz, 
4H,  2 C H , - O ) ,  2.83-2.71 ( m , 4 H ,  2 C H , - N ) ,  2.38 (dq, . I=9.0,  7.0Hz, 
l H ,  CH-Me), 1.81-1.49 (m, 5H,,), 1.42-1.09 (m, SH,,), 0.97 (d, 
J z 7 . 0  Hz, 3H, Me); 13C NMR (100 MHz, CDCI,): 6 =142.62 (CH=). 
113.93 (=CH,), 68.60(2 CH,-0), 58.97(C-Nq,,,),46.32(2 CH,-N), 45.82 
(CH-Me), 31.13 (CH, a to C,,,,), 30.10 (CH, a to C,,,,). 26.68 (CH, 7 to 
C,,,,), 21.35 (CH, p to C,,,,), 21.27 (CH, 0 to  C,,,,), 16.81 (Me). 
Picratesalt: yellow crystals (iPrOH),m.p. 163-164'C; C,,H,,N,O, (452.5): 
calcd C 53.09, H 6.24, N 12.38; found C 53.58, H 6.32, N 12.49. 


2,5-Dimethyl-4-morpholinohept-6-ene (25): R, = 0.56 (ether/petroleum ether 
1 : l ) ;  Obtained as a 2.1 mixture of diastereoisomers; IR (neat, KBr): 
U = 3076, 2956, 2868, 2852, 2810, 1639 (C=C),  1467, 1452, 1219, 1001, 
910cm-': ' H N M R  (400MHz. CDCI,): 6 = 5.54 (ddd, J=17.1,  10.5, 
7.3 Hz, 0.33H, H~ C 6  of minor), 5.73 (ddd, J=17.1,  10.2, 8.4Hz, 0.67H, 
H-C6ofmajor),4.98(ddd,J=37.1,2.0,1.0Hz,0.67H,H-C7ofmajor), 
4.95 (ddd, J=17.1,  1.9, 1.2Hz, 0.33H, H-C7 of minor), 4.934 (ddd, 
J=10.5, I , < ) ,  0.9Hz, 0.33H, H ~ - C 7  of minor), 4.926 (ddd, .J=10.2, 2.0, 
0.5 H7, 0.67H, H-C7 of major), 3.70-3.58 (m, 4H,  2 C H , - 0 ) ,  2.65-2.55 
(m, 4H,  2CH,-N), 2.41-2.30 (m, 1.33H, H-C5 e.g. CH-Me of both 
isomers and H-C4 of minor), 2.25 (ddd, J =7.8, 7.0, 4.6 Hz, 0.67H, H-C4 
of major), 1.76 3.59 (m, I H ,  H-C2 of both), 1.42 (ddd, J=14.1,  8.1, 
5.9H2, 0.33H. H-C3 of minor), 1.40 (ddd, ./=14.2, 8.0, 5.6Hz. 0.67H. 
H--C3 ofmajor), 1.073 (ddd, J =14.2, 8.3,4.6 Hz, 0.67H, H-C3 ofmajor), 
1.069 (ddd, J=14.1,  8.1, 5.0Hz, 0.33H, H - C 3  of minor), 1.03 (d, 
J = 6 . 8 H z ,  2H,  CH-CH, ofmajor) ,  1.00 (d. J=6.5Hz,  I H ,  CH-CH, 
of minor), 0.89 (d, J =  6.6Hz, l H ,  Me of minor), 0.88 (d, J =  6 . 6 H ~ .  
2H,  Me of major), 0.87 (d, J = 6.5 Hz, I H ,  Me of minor), 0.84 (d, 
J = 6.5 Hz, 2H,  Me of major); 13C NMR (100 MHz, CDCI,): 6 =major:  
143.10 ( C 6 ) ,  113.76 (C7). 67.79 (2 CH2-O), 66.35 (C4), 49.58 (2 CH2-N), 
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40.82 (C5), 37.07 (C3), 25.88 (C2) .  23.37 (CH,), 22.09 (CH,), 19.23 (CH 
C'H,):minor: 143.65(C6), 112.85(C7),67.76(2 CH2-O),66.28(C4), 50.12 
(2 m , - N ) ,  39.95 ( C 5 ) ,  36.82 (C3), 25.77 ( C 2 ) ,  23.30 (CH,). 22.34 (CH,), 
17.29 (CH-CH,). 
Picrate salt: bright yellow scales (iPrOH), m.p. 147°C; C,,H,,N,O, (440.5): 
calcd C 51.81, H 6.41, N 12.72; found: C 51.91, H 6.53. N 12.81. 


Methyl 4-ethyl-3-pyrrolidinohexanoate (26): R, = 0.20 ( 5  '% MeOH ~ 


CH,CI,): IR (neat, KBr): 3 = 2961, 2933, 2875. 2795, 1740 (C = 0).  2461. 
1436, 1158 cm-'; ' H N M R  (400 MHz, CDCI,): 6 = 3.67 (s, 3H, CO,CH,). 
2.92 (ddd, J = 6.0, 4.8, 4.3 Hz, 1 H, H--C3),  2.58-2.45 (m, 4H,  2 CII,-N), 
2.38(dd,J=16.1,6.0Hz,1H,H-C2),2.37(dd,J=Ih.l,4.8H~,1H,H 
C 2 ) .  1.75 -1.69 (m, 4H,  2CH,CH,-N), 1.51 -1.38 (m, 3 H ,  H - C 4  and 
CH,CH,), 1.27-1.13(m,2H,CH,CH,),0.92(t,J=7.3 Hz, 3H.CH3),0.X9 
(t, J = 7 . 3 H z , 3 H , C H 3 ) ;  !3CNMR(100MHz,CDCI,):6=174.44(C1 e.g. 
CO),  61.52 ( C 3 ) ,  51.67 (OCH,), 50.96 (2 CH,-N), 44.37 (C4 e.g. 
CH(CH,),), 34.12 (C2), 23.36 (2 CH,CH,-N), 23.15 (CH,CH,), 21.67 
(CH,CH,), 12.25 (CH,), 12.14 (CH,). 


Picrate salt: yellow crystals (IPrOH), m.p. 165.- 166 - C ;  Ci,H,,N,O,l (456.5): 
calcd C. 50.00:H, 6.18; N, 12.27. Found: C, 50.11;H, 6.24; N, 12.06. 


Methyl (1-morpholinocyclohex-1-yl)acetate (27): White crystals: m.p. 49.5~- 
50.5"C; R, = 0.51 (etherlpetroleum ether 3: l ) ;  1R (nujol. KBr): i. =I738 
(C=O), 1456, 1441, 1317, 1267, 1229. 1239, 1120, 985cm-'; 'HNMR 
(400 MHz, CDCI,): 6 = 3.70-3.65 (m, 4H,  2 CH,-O).  3.65 ( 5 ,  3H, 
CO,Me), 2.58-2.48 (m, 4H,  2 C H , - N ) ,  2.33 (s, 2H,  CII,CO,Me), 1.93-- 
1.70(m,3H),3.70-1.51(n~,3€1),1 48 1.31(m,4H): l l C " M R ( l O O M H ~ .  
CDCI,): 6 =173.18 (C0,Me). 67.90 (2 CH,-0), 57.73 (C-N<lu,,t), 51.41 
(OMe). 44.80 (2 CH,-N), 38.64 (CH,CO,Me), 33.00 (2 CH, a to C,,,,,), 
25.93 (CH, 7' to C,,,,), 20.98 (2 CH, f l  to C,,,,); CL3H2,NO3 (241.3): calcd 
C 64.70, H 9.61, N 5.80; found C 64.95, H 9.76, N 5.58. 


Methyl 4-methyl-3-morpholinopentanoate (28): R, = 0.49 (etherlprLroleum 
ether 3 : l ) ;  IR (neat. KBr): ij = 2961, 2854, 2814, 1742 (C=O). 1259. 1118. 
l015,859cn-'; 'HNMR(400MHz,CDCI3):h = 3.68(~.3H,OMe).3.68-  
3.59 (m, 4H,  2 CH,-0), 2.68 (ddd, J = 8.2, 7.0. 5.8 Hz. 1 H, H-C3) ,  2.50- 
2.48(m,4H,2CH,-N),2.50(dd,.J=15.2,7.0Hz, 1 H , H  -C2),2.29(dd,  
J=15.2,5.7Hz,lH,H-C2),1.77(dqq,J=8.2,6.7.6.6Hz, 1 H . H - C 4 ) .  
0.98 (d, J = 6 . 7 H z ,  3H,  Me). 0.87 (d, J = 6 . 6 H z .  3H. Me); I3C NMR 
(100 MHz, CDCI,): 6 =174.11 (Cl) ,  67.59 (2 CH, O ) ,  67.54 ( C 3 ) .  51.65 
(OMe). 49.35 (2 CH,-N), 33.03 (C2). 30.32 (C4), 20.97 (Me), 19.74 (Me). 
Picrate salt: yellow crystals (iPrOH), m.p. 163-164 C: C,,lI,,NdOlc, 
(444.4): calcd C 45.95, H 5.44, N,  12.61; found C 46.06, H 5.53. N 23.69. 


Methyl 3-dihenzylamino-4methylpentanoate (29): R, = 0.57 (ether 'petroleum 
ether 1 : 1 ) ;  IR (neat, KBr): i. 3086,3062, 3028,2953, 2801, 1737 (C=O) ,  1494, 
1454,1194,1028,980,748,699 cm- ' ;  ' H N M R  (400 MHz. CDCI,): S =7.35 
(pseudodm, J - 7  Hz, 4H,  aromatic Ha,,,,), 7.29 (pseudo tm, J z 7 . 5  Hz, 4H. 
aromatic €I , , , , ) ,  7.22 (ddt, J = 8.2, 6.2, I .4 Hz, 2H,  aromatic HPtJ. 3.72 (tl, 
J=13.6Hz,2H,  CH,Ph), 3.64(s, 3H, CO,Me), 3.41 (d. . /=l3.6Hi. ,  2H, 
CH,Ph), 2.85 (ddd, J = 8 . 4 .  6.8, 5.3Hz, l H ,  I b C 3 ) .  2.68 (cid,.I=14.8. 
5.3 Hz, 1 H, H--C2), 2.30 (dd, .I = 14.8, 6.8 Hz, I H. H- C 2 ) ,  1.88 (d septet, 
J =  8.4, 6.7H2, l H ,  H-C4), 0.98 (d, J = 6.7Hz. 3H,  CH,). 0.81 (d. 
J =  6.7 Hz, 3H. CH,); 13C NMR (100 MHz, CDCI,): 6 =174.13 (C'O e.g. 
C l ) ,  139.84 (2C,pA0), 129.06 (4C,,,,3, 128.07 (4Cme,J, 126.82 (2CpurJ, 61.36 
(C3), 54.09 (2 CH,Ph), 51.59 (OCH,), 32.63 (C2), 30.Xl (C4). 21.24 (CH,), 
19.82 (C'H,); HRMS (70eV, EI) C,,H,,NO,: [ M I +  calcd 325.2042. found 
325.2036 and C,,H,,NO,: [M - 'iPr]+ calcd 282.1494, found 282.1485; m/: 
(%): 325 (0.1) [MI', 282 (22.0) [ M  ~ ' iPr]+, 91 (100) [PhCH,N]'. The pi- 
crate did not crystallize and remained oily. 
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[ I ]  b'or a review on the use of indium in synthetic chemistry. see P. Cintas, SvnIetr 
1995, 1087-1096. 


[2] a) M. J. S. Ciynane, L. G. Waterworth, I. J. Worrall, .I Or,qantimei. CIIPIII 
1972, 40, C9 C10; b) M. J. S. Gynane, 1. J. Worrall. ihid. 1974, 81. 329- 334. 


[3] S. Araki, H. Ito. Y. Butsugan. J OFR. Cheni. 1988, S3, 1831-1833. 
[4] a) S Araki. H.  lto, 1'. Butsugan, Sjnrl!. Conmuii. 1988. l K .  453-458; b) S. 


Araki, H.  Ito. N. Katsuinura, Y. Butsugan. J Orgcrnonier. Cheni. 1989, 36Y. 
291 ~ 296. 


[ S ]  E tlossard, V. Dambrin, V. Lintanf, P. Beuchet, P. Mosaet, Z , / I - ~ W ~ I Y J ~ ~  L r f / .  
1995.36, 6055-6058. 
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The mono-substitution by one deuterium atom at a position fl to nitrogen was 
showed by " C  NMR. For the reactions of enamines 11 and 12, the carbon 
which was substituted by one deuterium of the corresponding homoallylamines 
appeared in the proton decoupled "C N M R  as triplets at 6 = 31.91 


J. V. Paukstehs, G. A Cook In Enumines Swrhe.si.r, Slructure, und Reacrions 
(Ed.: G. A. Cook), Marcel Dekker, New York, 1988. 2nd Ed., pp. 297-302. 
G. Courtois, M. Harama. P. Miginiac, .I Orgunornet. C h m .  1981, 218, 2 7 5 ~  
298. 
Allylsilanes and allylstannanes are also known to react with iminium salts 
generated by the reaction of formaldehyde with amine salts to give homoallyl- 
amines: S. D. Larsen, P. A .  Grieco, W. l-. Fobare, J. Am. ('hem. Soc. 1986,108. 
3512-3513; P. A. Grieco, W. F. Fobare. Tetruhedron Lctr. 1986. 27, 5067- 
5070; see also E. t Kleinman, R. A. Volkinann in Co?nprehen.\ive Orgunic 
Synthc.ris, V;,l 2 (Eds.: B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, 
pp 1000- 1003: A. R. Ofial, H. Mayr, J. Orx. C h m .  1996,61,5823-5830 and 
ref. cited. 
For the 7-addition of allylic indium sesquihahdes to hard electrophiles such as 
proton and carbonyl compounds, see S. Araki, T. Shimizu, P. S .  Johar, S.-J. Jin, 
Y. Butsuyan, J Org. Chum. 1991. S6, 2538 -2542. 
S. Araki. S.-J. Jin. Y. Idou, Y. Butsugan, Bull. Chem. So<. .lpn. 1992,65,1736- 
1738. 
The use of indium trichloride was also reported for transmetalation reactions 
with allylstannanes [17] and tin [lS]. 
In subsequent exploratory experiment\. propargyl bromide was also shown to 
react with enamines in the presence of acetic acid and indium or zinc. With 
indium. an approximately 1 .1  mixture of isomeric cr-allenyl and homopropar- 


=19.1 Hz) and 29.41 ( I & ,  = I 9 2  Hz) respectively. 


gyl tertiary amines was obtained. With zinc, the same compounds were isolated 
in an approximately 9: 1 ratio in favor of the acetylenic amine. 


[I41 Enamines 5, 8, and 12 were prepared in 58-60, 62, and 73 '% yield respectively 
by addition of 4 A activated molecular sieves (beads, 100 mgmmol-I of sub- 
strates) to  a mixture of aldehyde and secondary amine in equimolar amounts, 
reaction 24 h at 3 "C or 4 h at 20 "C. removal of molecular sieves, and two 
successive distillations (glass wool was used to prevent extensive foaming). 
Endmines 6 and 9 were obtained by using 3 equiv of anhydrous CaSO, in 
anhydrousether (0.5 m L m m o l ~ l  amine) tocondense thealdehyde(l.25 equiv) 
with the amine. Enamine 6 crystallized in the cold and was used as such. since 
it decomposed on distillation. Crystalline enamine 10 was similarly prepared, 
but 1 equiv of CaH, was used to complete the reaction. Enamme 7 was pur- 
chased from Lancaster. hnamine 11 was obtained by an azeotropic method [16] 
and is also commercially available. Enamine 13 was obtained by condensing 
excess isobutyraldehyde (2 +2.5 equiv) with dibenrylamme by means of 4 8, 
activated molecular sieves (200 mgmmol- ' of amine) for 2 d at RT. 


[1 51 Commercial indium powder from Aldrich (99.99%, stabilized with 1 % MgO). 
zinc powder from BDH, aluminum powder from Janssen (99 %. 200 mesh), tin 
powder from Prolabo (carbon free, for metallurgical analyses, article no. 
23713), bismuth powder from Aldrich (99.5%. 100 mesh), and indium(iir) 
chloride from Aldrich (98%) were used. 


[I61 S. Hiinig, E Benzing, E. Liicke. Ch<,m. Ber. 1957, 90, 2833-2840. 
[17] a )  J. A. Marshall, K. W. Hmkle, .l Org. Chcrn. 1995, 60,  1920- 1921 and ihid. 


1996, 61,  105-108; b) J. A. Marshall, A. W. Garofalo, hid .  1996, 61. 8732- 
8738. 


[IS] a) X.-R. Li, T:P. Loh, Tttrahedron. Asjmmetry 1996, 7161, 1535-1538; 
b) T-P. Loh, X.-R. Li, J Chem. Sue. Chem. Commun. 1996. 1929-1930. 
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n-Electron Ring-Current Effects in Multiple Adducts of 3He@C,, and 
3He@C,,: A 3He NMR Study 


Markus Riittimann, Richard F. Haldimann, Lyle Isaacs, Franqois Diederich,* 
Anthony Khong, Hugo Jimknez-Vazquez, R. J. Cross, Martin Saunders* 
Dedicated to Professor Orville L. Chnpmun on the occasion of his 65th hirthdaj) 


Abstract: Bis- to hexakisadducts of C,, 
(1-6) and mono- to tetrakisadducts of 
C,, (7-13) containing 'He atoms (endo- 
hedral helium complexes) were prepared 
and studied by 3He NMR spectroscopy to 
determine the influence of degree of func- 
tionalization and addition pattern on the 
chemical shift of the 'He atom. In the se- 
ries of C,, derivatives, which included the 
previously measured 6-6 monoadduct 
'He(g3C,,H,, the 3He resonance was 
shifted considerably upfield relative to 


spectral range between 6 = - 11 3 4  and 
- 12.26. The absence of further substan- 
tial upfield shifts was rationalized in terms 
of the compensation of deshielding due to 
the functionalization-induced decrease in 
the diamagnetic n-electron ring currents 
that extend around the fullerene sphere by 
the shielding that results from the weaker 
pentagonal-ring paramagnetic currents 
and the increased number of localized 
benzenoid substructures in 3-6. In con- 


that of 'He@jC,, (6 = - 6.36) up to the 
bisadduct 1 (6 = -11.45). The reso- 
nances of the higher adducts 3-6, how- 
ever, were shifted only slightly further up- 


Keywords 
fullerenes endohedral helium com- 
plexes - NMR spectroscopy - ring cur- 
rents field and all appeared in a rather narrow 


Introduction 


In their original publication describing the first experimental 
evidence for buckminsterfullerene, C60,111 Kroto et aLL2] de- 
scribed this molecular carbon allotrope as aromatic, being cov- 
ered on its inner and outer surface by a sea of n-electrons. 
Therefore, the NMR resonance of an atom inside the carbon 
sphere should have a remarkable chemical shift because of 
n-electron ring-current effects. London calculations by Elser 
and H a d d ~ n , [ ~ ]  however, predicted C,, to be only weakly dia- 
magnetic, and this was confirmed by measurements of the mag- 
netic susceptibility of bulk C,, .[41 Nevertheless, substantial ring 
currents are present in C,,, as was revealed soon after by the 
specific changes in chemical shift of protons close to the surface 


[*] Prof. F. Diederich, Dr. L. Isaacs, M. Riittimann, R. F. Haldimann 
Laboratorium fur Organische Chemie, ETH-Zentrum 
Universitatstrasse 16, CH-8092 Zurich (Switzerland) 
Fax: Int. code +(1)632-1109 
Prof. M. Saunders, Prof. R.  J. Cross, Dr. H. Jimenez-Vizquez, A. Khong 
Department of Chemistry, Yale University 
New Haven, CT 06520 (USA) 
Fax: Int code +(203)432-6144 


trast, all 3He resonances of the C,, 
adducts are shifted downfield relative to 
the signal of 3He($C,, (6 = - 28.81). A 
monotonic relationship exists between the 
chemical shift and the degree of function- 
alization, whereby the 'He chemical shifts 
steadily decrease from monoadduct 7 
(6 = - 27.53) to the isomeric tetrakisad- 
ducts 12 (6 = - 21.09) and 13 (6 = 


- 20.68). This deshielding was explained 
by the reduction of the strong diamagnet- 
ic ring currents extending along the polar 
corannulene perimeters as a result of the 
functionalization at a- and P-type polar 
bonds in 7-13. In both series, the addi- 
tion pattern was also found to have a dis- 
tinct influence on the 'He chemical shift. 


in covalent fullerene adductsr5] and further computational stud- 
ies by Haddon and co-workers.[61 These calculations, with a 
London approximation, suggested strong paramagnetic ring 
currents in  the twelve pentagonal rings of C,, that almost exact- 
ly cancel out the diamagnetic currents extending around the 
fullerene sphere.L6] This theoretical description of compensating 
paramagnetic and diamagnetic ring currents in C,, and C,, is in 
agreement with the experimental findings that 1)  C,, has a van- 
ishingly small bulk magnetic susceptibility, 2) the measured 
magnetic susceptibility of C,,, with a higher hexagon-to-pen- 
tagon ratio, is larger than that of C6,,[41 and 3) protons in 
adducts of C,, and C70 that are located close to the fullerene 
surface atop pentagons encounter large downfield shifts in the 
'H NMR spectrum.[51 


A deeper insight into fullerene magnetism was provided by 
Saunders et al., who incorporated 'He into C,, and C,, to an 
extent sufficient for 'He NMR experiments.[71 This work dra- 
matically extended the initial mass spectrometric studies by 
Schwarz et aI.,[*] in which neutral He atoms were incorporated 
into the fullerenes by collision between noble gas atoms and 
fullerene ions in the gas phase, followed by neutralization. Thus, 
almost ten years after Kroto et al. suggested the experiment,[21 
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the magnetic shielding environment inqide the fullerene cavity atop the carbon sphere Furthermore, as more addends are at- 
could be probed expetimentally The measured 3He N M R  tached, diamagnetic shielding by isolated benzenoid six-mem- 
chemical shifty are 6 = - 6 36 t3He(n C,,) and -28 81 bered rings becomes increasingly important, and both effects 
(3He(Iz C,,) relative to the resonance of free 3He dissolved in can explain the observed upfield shifts of the 'H resonances 
1 -methylnaphthalene ['' The significdntly higher shielding of the As d consequence of their full exposure to  the entire surround- 
3He nucleus in 'He@C,, was expected on the basis of the mea- ing fullerene n-electron system, N M R  resonances of 3He atoms 
sured magnetic susceptibilities[41 and the ring-curient calcula- in covalent adducts should be very sensitive to changes in this 
tions mentioned above [6b1 The 3He chemical shifts measured system and the corresponding ring currents due to  increasing 
for 'He@? C,, and 3He(a C,, represent the extremes for the full- functionalization This sensitivity should differ from that of the 
erenes isolated and measured so far The 3He dtoms inside the N M R  resonances of protons that are rigidly attached atop the 
higher fullerene compounds, 3He(aC,,, 'He@ C,, , 'He(mC,,, fullerene surface and are exposed only to local anisotropic ef- 
and 3He(u C,,, display chemical shifts that lie between these two fects Three influences of n-electron ring currents on the 3He 
extremes ['I Therefore, a simple correlation between the 3He resonances were envisaged Sequential additions to 6-6 bonds 
shiclding and the overall number of carbon atoms or the qhould weaken the paramagnetic ring currents in pentagonal 
hexngon-to-pentagon iatio does not exist in the fullerene family i ingg and the diamagnetic ring currents that extend around the 


Each covalent fullerene adduct with a 'He atom inside mea- fullerene spheres [61 Additionally the development of localized 
sured so far gave d single sharp 3He N M R  resonance at  d unique benzenoid rings with diamagnetic ring currents should influence 
frequency * l o  ''j The 3He resonances of C,, monoadducts ap- the 3He resonances in the higher adducts 3-6 Based on these 
pear upfield (Ah = 1 7 to  3 4, depending on the nature of the considerations, we initially expected a particularly strong shield- 
addend) of the re5onance of 'He67 C,, ['01 In contrast, the cor- ing of the 3He nucleus in hexakisadduct 6, since the X-ray anal- 
responding resonances of C,, monoadducts are shifted down- ysis of corresponding helium-free hexakisadducts['zb. ' * ]  had 
field (A6 = 3 25) from the signal of 'He@ C,, revealed d residual n-chromophore consisting of eight localized 


We recently reported the synthesis of the series of C,, bis- to benzenoid rings Here, we report a systematic 3He N M R  study 
hexakisadducts 1-6 (Figure by regioselective tether-di- of the C,, and C,, adducts 1-13 and demonstrate that the 'He 


N M R  resonance i$ a powerful probe for ex- 
ploring the magnetic properties and the impor- 
tance of the various n-electron ring currents in 
higher adducts of fullerenes 


Results and Discussion 


1. Experimental Considerations The endohe- 
dral compounds 3He(cc C,, and 3He(~/  C,, were 
prepared from pure C,, and C,, by published 
procedures [ 1 6 ]  The incorporation level of 3He 
was around 0 15% Subsequently, 1-6 and 7- 
13 (Figures 1 and 2) were synthesized as previ- 
ously reported for the corresponding deriva- 
tives without incorporated helium [I2 ''I The 
3He N M R  measurements at 20°C were per- 
formed by dissolving 1-6 and 7-13 in 1 -  
methylnaphthalene/CD,C1, (311) containing 
chromium(ii1) acetylacetonate as a relaxation 
agent Tables 1 and 2 list the chemical shifts 
of the 'He in compounds 1-13 relative to dis- 


1 2 3 


4 5 6 


Figure 3 C,, multiple adducts 1 6 with 'Hc dtoms invdc the cage The two bensmoid substructure\ 
in 3 nre highlighted in bold, 4 and 5 hnve four and 6 lid\ eight ot these substructures (not highlighted) 


rected remote functionalization and of the series of C,, mono- 
to tetrakisadducts C,, 7-13 (Figure 2) .[13j Systematic investiga- 
tions of the changes in fullerene physical and chemical proper- 
ties as a function of degree, pattern, and nature of the function- 
alization were conducted for a large series of multiple C,, adducts 
including 1--6.1L41 As part of these studies, it was observed 
that the 'H N M R  resonances of the CH, groups in the cyclohex- 
ene rings of 1-6 moved strongly upfield (by up t o  A6 = 1 ppm) 
with increasing degree of addition. With each addition to 
central 6-6 bonds of pyracyclene subunits in C,,, the paramag- 
netic n-electron ring currents in two pentagonal rings are inter- 
rupted, and this reduces the deshielding of protons located 


solved free 3He. Also shown for comparison 
are the resonances of 3He(ai,C,, and 3He(@C,,, as well as of the 
known 6-6 adduct 3He(+~C,lH,.["h1 The 3He NMR spectra of 
1-6 and 7- 13 are depicted in Figure 3. The minor impurities 
seen in the 3He N M R  spectra of the C,, bis- and trisadducts I 
and 2 are attributed to oxidation products arising from '0 ,  ene 
reaction at  their cyclohexene rings,[""] since the formation of 
'0, is efficiently sensitized by the fullerene derivatives.['8i In 
contrast, the C, ,  tetrakis- through hexakisadducts 3-6 gave a 
single 3He N M R  resonance which is consistent with their re- 
duced ability to photosensitize the formation of '0 ,  .[12c1 Small, 
unidentified impurity peaks are observed in the spectra of the 
C,, adducts 7-10 and 13. 
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Figure 2. C,,, mono and higher adducts 7-13 with 'He atoms inside thc cage. R = COOEt. 


Figure 3. 3He NMR spectra (I-methylnaph- 
thalene/CDiCI,, 311) of C,, adducts 1 --6 (above) 
and C,, adducts 7- 13 (below). Cheinicel shifts are 
relative to dissolved free 'He. 


Table 1. 'He NMR chemical shifts (1-niethylnaphthalene/CD,C12, 3/1) for the C,, 
adducts 1-6 in comparison to those of 'He@ C,, and 3He(ndC,,H,. Chemical shifts 
are relative to dissolved free 'He. 


Compound Symmetry Degree of func- ii(3Hc) A6('He) rel. Ref. Compound Symmetry Degree of func- &'He) Ad('He) rel. Ref. 


Table 2 .  'He NMR chemical shifts ( l - m e t h y l n a p h t h a l e n e ~ C D ~ ~ l ~ ,  3 , l )  for the C,,, 
adducts 7-13 in comparison to 'He(a,C,,. Chemical shifts are relative to dissolved 
free 'He. 


tionalization lo 'He(u>C,, tionalization to 3He(a'C,, 


'He@ C,, Ih - 


'He(aC,,H, C,, mono 
1 c, bis 
2 C," tris 


4 C," pentdkis 
5 Cs pentakis 
6 C2 I hexakis 


3 C, tetrdkis 


-6.36 0.00 I l l b l  
-8.13 -1.75 bl 


-11.45 -5.09 
-10.35 -3.99 
-12.26 -5.90 
- 12.04 -5.68 
-11.84 -5.48 
- 11.89 -5.53 


'He(ci:C,, Dih - 


7 C" mono 
8 c2 his 
9 C2 his 
10 C2" his 
11 C, trts 
12 C," tetrdkis 
13 c2 tetrakis 


- X.81 0.00 "1 bl 
- 27.53 1.28 
- 26.12 2.69 
- 26.44 2.37 
- 26.21 2.54 
- 23.64 5.11 
- 21.09 7.72 
- 20.6X 8.13 
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2. 'He NMR results for the C,, multiple adducts 1-6. The 'He 
N M R  resonances of multiple adducts 1-6 (Table 1) together 
with those of 'He(iC,, and 'He(aC,,H, were plotted against 
the degree of functionalization (Figure 4) The resonances of 
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\ *  
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Figure4. 3He NMR chemical shifts of 'He(&<) [7.11 h]. 'Heid C6,H2 [I1 b]. and 
the C,, multiple adducts 1--6 plotted against the degree of functionahration. 


monoadduct 'He@C,,H, (6 = - 8.11) and bisadduct 1 (6 = 


- 11.45) showed strongly enhanced shielding with respect to the 
3Hel(iC,, signal (6 = - 6.36),  as was expected from literature 
data,[lO.ll, 191 H owever, the shielding of the 3He resonances is 
not substantially enhanced by further functionalization. The 
resonance of tetrakisadduct 3 (6 = - 12.26) displays the largest 
shielding, whereas those of the two pentakisadducts 4 (6 = 


-12.04) and 5 (6 = - 11.84) and of hexakisadduct 6 (6 = 


- 11 3 9 )  appear a t  comparable chemical shifts, in the range of 
the 'He resonance of bisadduct 1. This experimental result was 
initially quite surprising since we had expected strong shielding 
of the 'He atoms, particularly in the higher adducts, due to the 
vanishing of the paramagnetic ring currents of the pen- 
tagons[6, 2"1 and the development of localized benzenoid rings 
with strong diamagnetic ring currents. As mentioned above, the 
n-chromophore in hexakisadduct 6 contains a total of eight 
localized benzenoid rings connected by biphenyl-type bonds.['51 


An interpretation of these experimental results needed to  take 
into consideration that the chemical shifts in 'He(3fullerenes 
are not only determined by n-electron ring-current effects.['. 211 


Buhl et a1.[221 performed ah initio calculations on the 
fully hydrogenated fullerene derivatives 'He@C,,H,, and 
3He(@C,,,H,, and found a prominent local contribution arising 
frotn the a-electron framework of about A6 = - 5.2 ppm.[22, 
However, the local contributions resulting from o-bond an- 
isotropy should be roughly constant over a series of fullerene 
derivatives such as 1-6 and therefore, changes in 'He N M R  
chemical shift should reflect mainly the different contributions 
of the various n-electron ring currents. This should also apply to 
the C,, adducts discussed in Section 2.3. We therefore propose 
that the enhanced shielding upon changing from 'He(iuC,, to 
bisadduct 1 ,  in which full n-electron conjugation in four pen- 
tagons is destroyed, results mainly from the weakening of the 
paramagnetic ring currents in these rings. In the higher adducts 
3-6, however, the deshielding due to the functionalization-in- 
duced reduction in the diamagnetic ring currents that extend all 


around the fullerene sphere balances out the shielding due to  the 
decrease in pentagonal ring currents and the increased number 
of localized benzenoid rings. As a result of this compensating 
effect, the 'He resonances in 3-6  appear a t  very similar chemi- 
cal shifts. This is in contrast to the 'H NMR data, which show 
a monotonic upfield shift of the cyclohexene CH, protons in the 
series 1-6."4a1 As compared to 'He atoms at the center of the 
cage, protons located in a defined position atop the fullerene 
surface are more strongly influenced by local changes in pentag- 
onal and (benzenoid) hexagonal-ring currents and less by 
changes in the diamagnetic ring currents extending around the 
entire C,, sphere. Although the latter have been calculated to be 
rather small in their local strength, they nevertheless have a 
significant effect on the resonance of 'He atoms inside the cage 
due to the large area they enclose. These extended ring currents 
have been conceptually correlated with aromatic character,[6* 
and, hence, higher functionalization can be viewed as destroying 
the aromaticity of the fullerene. 


A contribution of benzenoid ring diamagnetic ring currents to 
the shielding of the 'He atom becomes apparent in the compari- 
son of the 3He N M R  resonances in the two different trisadducts 
trans-f,e,e-2 (6 = -10.35) and e,e,e-14 (6 = -12.0)."'3241 
Based on the higher shielding seen in cyclohexene-fused C,, 
monoadducts compared with cyclopropane-fused deriva- 
tives,["] a higher upfield shift of the resonance of doubly cyclo- 
hexene-fused 2 could be expected. 
However, 14 possesses a diamag- 
netically shielding benzenoid sub- 
structure which is absent in 2, and 
this difference could well explain 
the upfield shift of the 'He reso- 
nance in 14. 14 


The large difference in 3He 
NMR chemical shift (Ah = 1.65) 
between the trisadducts 2 and 14 
nicely illustrates the influence of the nature of the addition pat- 
tern on the chemical shift of 'He atoms inside C,, adducts. 


X 


3. 'He NMR results for the C,, adducts 7-13: The plot of the 
'He N M R  resonances of the C,, adducts 7-13 (Table 2) against 
the degree of functionalization (Figure 5 )  differs strikingly from 


-22 -=-I 
1 1  / 2 


degree of functionalisation 


Figure 5 "He NMR chemical shifts of 'He@ C,,, [7,11 h] and the C,, adducts 7-13 
plotted against the degree of functionaliration. 
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that obtained for the C,, adducts (Figure 4). Firstly, as ex- 
pected from the results reported for C,, monoadducts," Ibl  


all adduct resonances are shifted downfield relative to 
'He(@jC,, . Secondly, a monotonic relationship exists between 
chemical shift and degree of functionalization. The 'Hc chemi- 
cal shifts steadily decrease from monoadduct 7 (6 = - 27.53) to 
the isomeric tetrakisadducts 12 (6 = - 21.09) and 13 


The addends in 7-13 are located exclusively near the poles at 
6-6 bonds at the centers of pyracyclene subunits, which had 
previously been defined as a- and 8-type (Figure 6).[251 This 
functionalization destroys the paramagnetic ring currents of the 
pentagons in the polar region but leaves the diamagnetic ring 
current associated with the biphenyl-type equatorial belt of C,, 
intact. Based on these considerations, increased shielding of the 
3He resonances would be expected with increasing functional- 


ization in the series 7-13. In 
their London calculations of ring 
currents in C,,, Pasquarello et 
al. found rather strong diamag- 
netic ring currents extending 
along the polar corannulene 
perimeters (Figure 6) .[6b1 Since 
the area enclosed by these cur- 
rents is large, a substantial con- 
tribution to the total magnetic 


(6 = - 20.68). 


netic ring current in the polar are destroyed upon functional- 
ization at a- and p-type bonds, 
and we propose this effect to be 


pentagon and the diamagnetic 
ring current extending along the 
Doiar corannulene Derimeter. as .~ 


revealed in  London calculations 
by Pasquarello et al [6 b] 


the origin of the &shielding of 
the 'He atoms in all C,, adducts 
measured so far. 


In a more detailed analysis, addition to a- or p-type bonds has 
a significantly different effect on the NMR signal of the 'He 
atom. A similar observation was previously made by Smith el 
al.[llbl Monoadduct 7 (6 = - 27.53) resulting from addition to 
an a-type bond shows a downfield shift of Ad = 1.28 relative to 
3He(u]C,,. Addition to a second a-type bond at the opposite 
pole causes a further downfield shift of A6 = 1.41 (S), 1.09 (9) ,  
and 1.26 (10). Further cyclopropanation of bisadducts 9 and 10 
occurs at 8-type bonds.[* '1 This leads to a significantly larger 
downfield shift of 2.63 upon passing from bisadduct 10 
(6 = - 26.27) to trisadduct 11 (6 - 23.64). Similarly, addition 
to a /&type bond upon passing from trisadduct 11 to tetrakisad- 
duct 12 (6 - 21.09) leads to a deshielding of A6 = 2.55. These 
data suggest that the deshielding resulting from addition to ei- 
ther a- or 8-type bonds at one pole is nearly independent of the 
degree of functionalization at the other, opposite one. Based on 
the data in Table 2 ,  incremental values for the deshielding of the 
'He atom by cyclopropanation of C,, can be assigned which 
amount to about A6 = 1.3 for addition to an a-type bond and 
about A6 = 2.7 for addition to a a-type bond. 


Finally, the 3He resonances in the three isomeric C,, bisad- 
ducts 8-10 differ significantly, by as much as A6 = 0.32. An 
even larger difference (A6 = 0.41) exists between the resonances 
of the isomeric tetrakisadducts 12 and 13. While these data 
reveal a distinct influence of the addition pattern on the shield- 


ing of 3He atoms, this effect is, however, one order of magnitude 
smaller than the effects produced by differences in the degree of 
functionaliza tion. 


Conclusions 
A strikingly different influence of thc degree of functionaliza- 
tion on the 3He chemical shift was observed by 3He NMR 
spectroscopy for covalent multiple adducts of 3He(ci'C,, and 
'He(ir!C,,. In the series of C,, derivatives 1 -7. which included 
monoadduct 3He(ajC, ,H, for comparison, all resonances are 
shielded relative to 'He(@C6,. However, large changes in chem- 
ical shift are only observed up to the stage of bisadduct 1. The 
resonances of the higher adducts 3-6 are not substantially fur- 
ther shifted upfield and all appear in a rather narrow spectral 
range. In sharp contrast, all 'He resonances in the C,, adducts 
are shifted downfield relative to 3He(cC,,, and a monotonic 
relationship exists between chemical shift and degree of func- 
tionalization, in that the 'Hc atoms become steadily deshielded 
with increasing number of addends. Attempts to rationalizc 
these observations are based on theoretical work, in particular 
by Haddon and co-workers,[61 who have shown that the mag- 
netic properties of the fullerenes can be explained by the exis- 
tence of paramagnetic ring currents in the pentagonal rings and 
diamagnetic ring currents extending around the fullerene 
spheres. In addition, the 'He resonance in the higher adducts of 
C,, should be influenced by the diamagnetic ring currents of the 
localized benzenoid substructures that develop with increasing 
functionalization of the residual fullerene 71 chromophore. In 
contrast to protons located close to the fullerene surfxe, 'He 
atoms at the center of the cage are exposcd to the magnetic 
influence of the entire fullerene chromophore and thus to all 
existing 71-electron ring currents. Therefore, they represent a 
unique experimental probe for the existence and magnitudc of 
these ring currents. This study revealed in particular the strong 
influence of functionalization on the diamagnetic ring currents 
that extend around the entire fullerene sphere. Despite an in- 
creasing degree of addition in the higher C,, adducts 3-6, the 
3He NMR chemical shifts remain nearly constant due to the 
balancing out of the deshielding resulting from the destruction 
of these ring currents and the shielding resulting from the van- 
ishing paramagnetic pentagonal ring currents and the increasing 
number of benzenoid rings with diamagnetic ring currents. In 
the series of C,, derivatives formed by addition to a- or /j-type 
bonds, strong evidence was obtained that the disruption of the 
diamagnetic ring currents extending along the polar corannu- 
lene perimeters is the major factor determining the observed 
deshielding of the 'He resonances. A fruitful interplay between 
theory and experiment has in the past guided the interpretation 
of the 'He NMR spectra of pure fullerenes and their lower 
adducts with 'He atoms inside the cage.["% We are confident 
that theoretical calculations will also further substantiate and 
fine-tune the explanations proposed for the surprising experi- 
mental findings reported in this paper. 


Experimental Section 


Compounds 1- 6 [12c] and 7 -13 1131 were synthesized according to the 
reported procedures. 3He NMR analyses of all samples were performed with 
a Bruker 500 MHz spectrometer. The samples were dissolved in l-methyl- 
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naphthalene/CD,Cl, (3/1), CD,CI, was the lock solvent. About 1 my of 
Cr(acac), was added as an external relaxation agent. Approximately 0.25 mL 
of .'He gas was introduced into the liquid samples in a NMR tube of 5 mm 
diameter. The rcferenced samples were loaded into a 3He probe made by the 
Nalorac company. Data acquisition was carried out for at least 8 h. This 
corresponds to about 12000 to 17000 scans. 
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Effect of Melamine-Amphiphile Structure on the Extent of Two-Dimensional 
Hydrogen-Bonded Networks Incorporating Barbituric Acid 


Hiroshi Koyano, Philippe Bissel, Kanami Yoshihara, Katsuhiko Ariga, and Toyoki Kunitake* 


Abstract: Four alkyl melamine am- 
phiphiles cach containing identical triads 
of hydrogen-bonding sites (hydrogen 
donor, acceptor, and donor) but different 
numbers of alkyl chains were examined in 
order to determine their monolayer prop- 
erties and binding behavior towards bar- 
bituric acid (BA). Their structural organi- 
zation in supramolecular assemblies at  the 
air-water interface was affected by the 
bulkiness of the hydrophobic part of the 


Introduction 


amphiphile. Aqueous BA and am- 
phiphiles with two or three alkyl chains 
formed a 1 : 1 alternate network structure. 
In contrast, a melamine amphiphile with 


Keywords 
amphiphiles * barbituric acid * hydro- 
gen bonds - melamines - molecular 
recognition * monolayers 


four alkyl chains formed a 2 : l  
(BA: amphiphile) complex rather than a 
1 : 1 alternate network structure. The 2: 1 
complex appears to behave like an inde- 
pendent molecular entity without further 
networking. The results point to the im- 
portance of size matching between the hy- 
drophobic part of the monolayer and the 
underlying hydrogen-bonded network in 
order to maintain the overall supramolec- 
ular structure. 


The complementary hydrogen bonds between 2,4,6-triamino- 
1,3,5-triazines (melamines) and cyclic imides or between 2,6-di- 
aminopyrimidines and cyclic imides are a useful tool for the 
construction of supramolecular network structures in various 
phases."] In the solid state, for instance, N,N'-diphenylme- 
lamine forms a 1 : 1 alternate network structure with barbiturate. 
When N,N'-di-(terr-buty1)melamine is used, the structure of the 
supramolecular species is altered to a 1 : 1 crinkled complex in 
order to relieve the steric hindrance of bulky tert-butyl 
groups .[' 


Amphiphilic barbituric acid (BA) derivatives and aqueous 
melamine or triaminopyrimidine have been proposed to form 
supramolecular 1 : 1 alternate network structures at the air-wa- 
ter interface.['I We recently showed, by means of atomic force 
microscopy (AFM), that an N,N'-didodecylmelamine mono- 
layer transferred from an aqueous BA solution onto a mica 
plate has the supramolecular network structure shown in Fig- 
ure 1 .[31 In this system, the molecular cross-section of two alkyl 
chains attached to one melamine ring supplies an appropriate 
distance between melamine units to allow BA to be accommo- 


[*I Prof. Dr. T. Kunitake,"' Dr. H Koyano, Dr. P. Bissel. 
K.  Yoshihara, Dr. K. Ariga 
Supermolecules Project, Japan Science and 
Technology Corporation (JST, former JRDC) 
Kurume Research Park, 2432 Aikawa, Kururne 839 (Japan) 


Kyushu University, Fukuoka 812 (Japan) 
Fax: Int .  code +(92)642-2011 
e-mail: kunitcm~~mbox.nc.kyusbu-u.acjp 


['I Permanent address: Faculty of Engineering 


Figure 1 Thc 1 : I  alternate network structure of BA/2C,,mela 


dated in a 1 : 1 alternate network. The introduction of a bulkier 
group on the melamine ring is expected to change the 
supramolecular structure at  the interface. In surface monolay- 
ers, the orientation of the melamine ring in relation to the alkyl 
chains is spatially restricted by alkyl chain packing within the 
monolayer assembly. Therefore, the inter-melamine distance 
can be controlled precisely in order to provide information on 
the spatial requirements in supramolecular architectures. 


Results and Discussion 


We employed four alkyl melamine amphiphiles (2 C ,  mela, 
2C,,OC,mela, 3C,,mela, and 4C,,mela) each containing 
identical triads of hydrogen-bonding sites (hydrogen donor, ac- 
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3Cl2mela 4Clamela 


ceptor, and donor), but different numbers of alkyl chains, and 
examined their monolayer properties and binding behavior to- 
wards BA These amphiphiles were synthesized by aminoalkyla- 
tion of 2-amino-4,6-dichloro-1,3,5-tria~ine,~~~ directly or  in a 
stepwise manner (see Experimental Section). 


n- A Isotherms of monolayers: The n- A isotherm of 2 C,, mela 
(Figure 2 a) shows that this dialkylmelamine amphiphile has a 
condensed phase 011 pure water with a limiting molecular area 
of 0.42 nm2. This value is close to the theoretical cross-section 
of the two alkyl chains, and indicates formation of a well- 
packed monolayer. The isotherm of 2C,,OC,mela, a di- 
alkylmelaniine with ether linkages in its alkyl chains, shows an 
inflection point a t  approximately 2 0 m N m - '  on pure water 
(Figure 2b), and the limiting area of the condensed phase is 
0.40 nm'. At low surface pressures, it forms a more cxpanded 
phasc. The trialkylmelamine 3 C,,mela on pure water shows 
monolayer properties similar to those of 2 C,,OC, mela (Fig- 
ure 2c) .  Its isotherm has an inflection point a t  approximately 
5 m N m - '  marking the transformation from an expanded to a 
condensed phase; a well-packed phase is formed at  high surface 
pressures with a limiting area of 0.61 nm'. This value again 
corresponds to  the theoretical cross-section of three alkyl chains 


( c )  3C,,inela . 


(d) 4C,,mela 


, B A  (10 mM) 


pure wacer 


?=- 
0 0  0 5  I 0  I .5 


molecular arednm2 


Figure 2. x A Isotherms of a) 2C,Zmela, h) 2C,,OC,meln. c )  .iC,,mcla. 
d) 4C,,mcla on pure water and on a 10mM BA solutioii a1 20.0i0.2 'C. 


(0.2 x 3 = 0.6 nm'). Thc tetraalkylmelamine 4C,, mela has a 
lower collapse pressure (ca. 30 m N m -  I ,  Figure 2d)  than the 
other three ainphiphiles, but the shape of the isotherm is not 
very different. A condensed phase with a limiting area of 
0.84 nmz is formed above inflection point a t  ca. 10 mNm- ' .  


The presence of 10 m M  BA in the subphase changes thc P A  
isotherms in all cases. The isotherms of 2C,,rnela, 
2C,,OC,mela, and 3C,,mela monolayers on  aqueous BA dis- 
play lower collapse pressures, larger molecular areas, and slopes 
with lower gradients than the corresponding isotherms on pure 
water. The inflection point observed on pure water disappears 
on aqueous BA. Apparently, binding with aqueous BA induces 
formation of island structures (i.e., two-dimensional aggregates 
of the melamine amphiphile) .[51 The 4 C,, mela monolayer on 
aqueous BA behaves differently from the other monolayers. It 
has a higher collapse pressure than on pure water, and the 
phase-transition pressure is clearly observed at around 
8 mN m- ' .  This observation indicates that the 4C,, mela 
monolayer maintains its distinct structure and molecular mobil- 
ity even on aqueous BA. 


Mode and stoichiometry of BA binding: The reflection ~ absorp- 
tion (RAS) FT-IR spectra of 2 C,  inela LB films transferred 
from pure water and from 10 mM aqueous BA solution were 
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compared (Figure 3 a and b, respectively). The changes ob- 
served are typical for hydrogen-bond formation. A strong C=O 
peak of bound BA is observed at i = 1719 cm-' in Figure 3b, 
which is absent in Figure 3 a. The C=O peak of BA in an argon 
matrix appears at i = 1754 (for the monomer) and 1732 (for the 
dimer) cm ', but these peaks shift to 1694 cm- in the solid 
state at 20 K, owing to hydrogen-bond formation between mol- 
ecules of BA.r61 A shift in the C=O peak of a BA dcrivative as 
a result of hydrogen bonding with a melamine derivative (1 : 1 
BA derivative/2 C,,mela) has also been reported in KBr, from 
i = 1737 to 171 5 cm-'.['] In addition, a shift is observed for the 
(CN)rlng peak (3 = 1606 to 1545 cm-I), and broadening is seen 
for the NH peak (at i = 1653 cm- ' in Figure 3 a) .[81 The shift in 
the (CN)r,ng peak is similar to that observed when thymidine 
binds to a diaminotriazine monolayer through complementary 
hydrogen bonding (from i = 1571 to 1557 cm-').['] These 
changes in the IR spectra indicate the formation of complemen- 
tary hydrogen bonds between BA and 2Ci,mela. 


I 1653 1606 


d 


I ~ ' ~ - I ~ ~ ~ ' I ' ~ - * I - ~ ' '  
2000 I800 I600 I400 I200 I000 


wavenumberlcm. 


Figure 3. FT-IR Spectra of LB films: a) 2C,,mela transferred from pure water; 
h) 2C,,mela transferred rrom BA solution; c )  3C,,mela transferred from BA 
solution; d) 4C,,mela transferred from BA solution. 


The IR spectra of 3Ci,mela and 4C,,mela LB films trans- 
ferred from 10 mM aqueous BA show characteristics similar to 
those of 2Ci,mela, namely, shifted C=O and (CN)ring peaks 
and a broadened NH peak (Figure 3 c,d). The additional peak 
around 1125 cm-' is assigned to V(C-0). In the spectrum of 
4C,,mela, the C=O peak of bound BA is broad and weak 
relative to the other peaks. This suggests the presence of C=O 
in different chemical environment(s) . It is also possible that the 
C=O groups assume a more horizontal orientation relative to 
the film surface, because the RAS-mode IR measurement is only 
sensitive to vertically oriented vibrations.["] 


Figure 4 shows the dependency of the amount of bound BA 
per amphiphile on BA concentration, obtained from the oxy- 
gen/nitrogcn (O/N) ratio measured by X-ray photoelectron 
spectroscopy (XPS) of the LB films. Saturation of BA binding 
at higher concentrations suggests that BA molecules are specif- 
ically bound to the monolayer. The binding constant ( K )  and 
the binding ratio at saturation (a) are calculated by curve fitting 
according to the Langmuir adsorption isotherm and are shown 
in Table 1, along with the correlation coefficient. The a value of 


~ 1 1 1 , 1 1 1 1 1 1 1 1 , 1 , , , , , ,  


[barbitunc acid] mM 
0 5 10 15 20 


Figure 4. Binding of BA to monolayers of 2C,,mela. 2C,,OC,mela, 3C,,mela, 
and 4C,,mela. 


Table 1. Binding constants ( K )  and binding stoichiometry (a. BA/amphiphile) 


Monolayer K ( 1 0 3 ~ - ' )  [a] a [a1 R [bl 


2C,,mela 2.53 i 0.48 1.141 0.05 0.984 
2 C,,OC, mela 2.33i0.38 1.03 i 0.04 0.988 
3 C,, mela 2.06i0.45 1.01 i 0 . 0 5  0.980 
4C, , mela 0.73 f 0.06 2.27 i 0.05 0.998 


[a] Error values represent standard deviation. [h] Correlation coefficient in curve 
fitting. 


unity observed in 2C,,mela, 2C,,OC,mela, and 3C,,mela LB 
films is consistent with the 1 : l  alternate network structure 
shown in Figure 1. In contrast, the 4 C,, mela LB film shows a 
definite difference in the CI value. The observed value of a = 2.27 
suggests the formation of a 2:  1 BA/4CI,mela complex rather 
than the 1 : l  complex formed for the other monolayers. The 
structure of the new complex may be represented by Figurc 5 .  
The four alkyl chains attached to one melamine function are 
quite bulky, and the bound BA are not capable of hydrogen 
bonding with additional 4C,, mela amphiphiles. Restriction of 
the molecular alignment to two dimension is crucial in this case. 
The discrepancy of the a value from integer cannot be explained 
by limitation of the XPS 
analysis, since the O/N 
ratio of an LB film of 
pure 4 C , mela agreed 
with the theoretical value. 
It is probable that the 
non-hydrogen-bonded 
faces of the bound BA in 
thc 2:l  complex are 
loosely associated with 
other (free) BA or water 
molecules.[' I ]  This effect 


a value of greater than 
two, by assuming that O ~ O . ~ ~ ~ H ~ N ' H ~ ~ ~ ~ O ~ O  


30y0 lhe 2:1 Figure 5 .  A schematic illustration of the 
es are bound to addition- 


($--J air 


+Y"yNyN,H, , , ,O  water 
can explain the observed 0 ~...NyN.I,H,NKN,H 


....... ....... ...-........-. 


H,~K~'H 


2:l  BA/4C,,mela complex. 
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a1 BA. The 2: 1 complex behaves as an independent molecular 
entity without any network formation. This model is supported 
by the phase-transition behavior of 4 C ,  ,mela monolayers in 
the presence of aqueous BA (see Figure 2 4 .  Other networked 
monolayers display only condensed phases (Figure 2a-c). 


Size matching of the hydrophobic alkyl chains and underlying 
supramolecular network: The structural organization of a 
supramolecular assembly at the air-water interface is expected 
to bc affccted by the bulkiness of the hydrophobic part of the 
amphiphile. This is unmistakably demonstrated by the preced- 
ing results where supramolecular structures are assembled 
through specific hydrogen bonding. Aqueous BA and am- 
phiphiles with two or three alkyl chains adopt the 1 : 1 alternate 
network structure. The analogous binding properties of 
2C,,mela and 2C,,OC,mela show that the ether linkage in the 
alkyl chain does not affect binding behavior. The melamine 
amphiphile with four alkyl chains, 4C,, mela, cannot form a I : 1 
alternate network structure, owing to the bulkiness of the alkyl 
chains. Based on the molecular sizes derived with the Corey- 
Pauling-Koltun (CPK) molecular model, the distance between 
two carbonyl oxygens of BA in the 1 : 1 altcrnate network struc- 
ture was estimated to be 1.0 nm, and that between two alkyl 
chains of dialkylmelamine approximately 0.5 nm. Assuming 
that an alkyl chain is about 0.5 nm wide, two alkyl chains of 
dialkylmelamine are snugly aligned on the network structure 
(Figure 6). In contrast, the two outermost alkyl chains are 


0.5 nm 


b 


alkyl chain 
melamine ring 


through BA 


Figure 6. Estimation of molecular sizes in  the 1 :1 alternate nerwork fi-om BA and 
dialkylmelamine: a) side vicw and h) cop view. Elipsolds represent the width ofan  
alkvl chain 


0.8 nm apart in a 4C12mela molecule. resulting in a width of 
1.3 nm (Figure 7a,b), which is sufficient to prevent the forma- 
tion of an extended 1: l  alternate network. It is possible that 
individual 4 C, , mela molecules assume another conformation 
in which the two alkyl chains in each pair are aligned perpendic- 
ular to the melamine ring, as shown in Figure 7 c,d. Formation 
of an extended hydrogen-bonded network is feasible in this case. 
However, the distance between the neighboring linear networks 
(1 .O nm) is much greater than that in an ideal network structure 
(0.5 nm, Figure 6 b), and this effect would be detrimental to the 
stable two-dimensional packing of alkyl chains. 


b 


’ melamine ring 1 I hydrogen bond 
a W  chain through BA 


Figure 7 .  A plausible model of the molecular arrangement in the 2:  1 BA!4 C ,  mela 
complex: a) side view. h) top view. Hypothetlcdl I :  I BA/4C,,mela alternate net- 
work: c) side view, d)  top view (R = (CH,),O(CH,),,CH,) 


A condensed monolayer of asymmetrically substituted 
melamine, 3 C,, mela may contain a unique molecular arrange- 
ment in combination with bound BA. The elemental composi- 
tion of the transferred monolayer indicates the formation of a 
1: 1 BA/3C1,mela complex. Within the framework of an alter- 
nately extended network of BA and 3Cl2mela, the three alkyl 
chains of 3 C,,mela molecule will be most stably arranged as 
shown in Figure 8. The trialkyl units may be arranged alternate- 
ly (Figure 8. left) or regularly (Figure 8, right). The distance 
between the neighboring extended networks is estimated to be 
0.8 nm. This distance appears to be sufficient for side-by-side 
stacking of polar moieties and the consequent stabilization of 
the monolayer. This arrangement is in contrast with that for the 
BA/4C,, mela system, where a 2: 1 complex is formed rather 
than a 1 : 1 extended network. The inability of this system to 
form a hydrogen-bonded network such as that shown in Fig- 
ure 7 c,d is ascribable to the separation of the neighboring linear 
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0.8 nm 


1 


through BA 


Figure 8. Possible arrangements in a t :  1 BA/3C,,mela alternate network: a) side view (R L (CH,),O(CH,),,CH,, 
R = (CH,),,CH,) and h) top view. 


networks (1.0 nm), as discussed above. The critical separa- 
tion for stabilization of a monolayer must lie in the range 
0.8-1.0 nm. 


Concluding Remarks 


The results obtained in this study show the importance of size 
matching between the hydrophobic part of the monolayer and 
the underlying supramolecular structure in maintaining the ex- 
tended hydrogen-bonded network. This information will make 
it possible to design two-dimensionally extended supramolecu- 
lar structures, and open up the way for their practical applica- 
tions.['*] The structure of monolayers can be elucidated to 
molecular precision by the combination of scanning probe mi- 
croscopy, vibrational spectroscopy, and electron microscopy. 
The AFM image gives the top view of a monolayer with molec- 
ular resolution,[' 31 and IR spectra and electron diffraction (ED) 
patterns give conformational and packing information of alkyl 
chains within monolayer.['03 14] In particular, AFM molecular 
images of the monolayer allowed us to suggest a plausible pack- 
ing model of alkyl chains.[39 "] These measurements on the 
present system are a subject of continuing investigation and will 
be published elscwhere. 


Experimental Section 


Synthesis of amphiphiles-general: 2-Amino-4,6-dichloro-l,3,5-triarine was 
prepared from cyanoric chloride according to the l i t e r a t ~ r e . ~ ~ ]  1.3-Didodec- 
oxy-2-propanol was prepared from dodecyl alcohol and epichlorohydrin 
in 56% yield according to the literature.'16' Dodecylamine (> 99 YO) (Aldrich) 
was used without purification. 2C1 ,OC,mela was donated from 
Dr. Kawasaki of Kyushu Univer~ity."~' The melting points were uncorrect- 
ed. 'HNMR spectra were recorded on a Bruker ARX-300 (300 MHz) spec- 
trometer. 


2C,,mela: A solution of 2-amino-4,6-dichloro-1,3,5-triazine (1.0 g, 
6.1 mmol), dodecylaiaine (2.36 g, 12.7 mmol), and NaHCO, (1.07 g, 
12.7 mmol) in 3,4-dioxane (60 mL) was placed in a round-bottomed flask. 


This mixture was refluxed for 24 h. 
The precipitate was removed by filtra- 
tion through a Celite pad and washed 
with CHCI,. The filtrate was concen- 
trated to give a yellow oil, and hot 
ethanol was added until a clear solu- 
tion was obtained. The resulting solu- 
tion was allowed to stand at room tem- 
perature until the product had 
precipitated out as a powder. This was 
collected on a filter. was washed with 
ethanol, and dried in  vacuum to give 
2C,,mela (2.1 g, 75%). Concentra- 
tion of the mother liquor gave a sec- 
ond crop (0.42 g, 15%). M.p. 92.6- 
93.2"C; TLC: R,  = 0.43 (10:l 
CH,CI,/CH,OH); ' H  NMR (CD- 
CI,): 6 = 0.88 (t. J = 6.7 Hz, 6H),  
1.2-1.4 (m, 36H), 1.4-1.6 (m, 4H) ,  
3.34 (brs, 4 H ) .  4.8-5.3 (hr, 4 H ) ,  
C2,HS4Nb (462.76): calcd C 70.08, H 
11.76, N 18.18; found C 69.92, H 
11.72, N 17.91. 


1,3-Didodecoxy-2-propyl methanesul- 
fonate: A solution of methanesulfonyl 
chloride (6.68 g, 58.3 mmol) in 


CH,CI, (50 mL) at room temperature was added to ;L solution of 1.3-didode- 
coxy-2-propanol(20.0 g, 46.7 mmol) and triethylamine (5.90 g, 58.3 mmol) in 
CH,CI, (100 mL). The whole mixture was stirred for 18 h. Most of  solvent 
was removed by evaporation and the residue was diluted with ethyl acetate 
(150 mL). This was washed with water ( x 3) and brine. After the solution had 
been dried over Na,SO,, the solvent was removed to give the title compound 
(23.47 g, 99%) as a slightly yellow powder. M.p. 58.0- 59.0"C; TLC: 
R, = 0.50 (4:l hexane/ethyl acetate); 'HNMR (CDCI,): 6 = 0.88 (t, 
J = 6.7 Hz, 6H), 1.1-1.4 (m, 36H), 1.5-1.6 (m, 4H),  3.09 (s. 3H), 3.4-3.5 
(m, 4 H ) ,  3.6-3.7 (m, 4H), 4.82 (tt, J =  5.3. 5.3 Hz, 1 H); C,,H,,O,S 
(506.82): calcd C 66.36, H 11.53; found C 66.11, H 11.44. 


15-Azido-13,17-dioxanonacosane: A mixture of 1.3-didodecoxy-2-propyl 
methanesulfonate (23.39 g, 46.15 mmol), NaN, (9.00 g, 138.5 mmol), and 
dimethyl formamide (DMF) (50mL) was stirred at 100°C for 18 h. After 
cooling to room temperature, it was diluted with ethyl acetate (200 mL). The 
solution was washed with water ( x 5) and brine, dried over Na,SO,. and 
concentrated to give the title compound (20.45 g, 98%) as a yellow oil. TLC: 
R, = 0.84 (4: 1 hexane/ethyl acetate); 'H NMR (CDCI,): 6 = 0.88 (t. 
J = 6 . 7 H z ,  6H), 1.1-1.4 (m, 36H), 1.5-1.6 (m, 4H). 3.4-3.6 (m, 8H),  
3.6-3.8 (m, 1H); C,,H,,N,O, (453.75): calcd C 71.47, H 12.22, N 9.26: 
found C 71.53, H 12.18. N 9.25. 


1,3-Didodecoxy-2-propylamine: A mixture of 15-azido-1 3.17-dioxanona- 
cosane (20.42 g, 45.00 mmol), 5 %  Pd on charcoal (Pd/C) (1 .O g). CH,OH 
(200 mL), and ether (100 mL) was stirred at room temperature for 20 h 
under H,. PdjC was removed by filtration and washed with ether. The 
filtrate and washings were concentrated to give 1,3-didodecoxy-2-propyl- 
amine(18.36 g,950/0)asacolorlesssolid. M.p. 32.0-33.0"C;TLC: R, = 0.24 


1.1-1.4 (m, 36H). 1.5-1.6 (m, 6H) ,  3.1-3.2 (m, I H ) ,  3.3- 3.5 (m, 8H);  
C,,H,,NO, (427.75): cdkd C 75.81, H 13.43, N 3.27: found C 75.76, 
H 13.35, N 3.16. 


(20:l CH,Cl,/CH,OH); ' H N M R  (CDCI,): 6 = 0.87 (t, J = 6.7 Hz, 6H). 


2-Amino-4-chloro-6-(1,3-didodecoxy-2-propylamino)-1,3,5-triazine: A mixture 
of 2-an~iiio-4,6-dichloro-l,3,5-triazine (163 mg, 1 .O mmol). I ,3-didodecoxy- 
2-propylamine (427 mg, 1.0 nimol), and NaHCO, (84 mg, 1.0 mmol) in 1.4- 
dioxane was refluxed for 48 h and then diluted with CHC1, (50 mL). The 
organic layer was washed with water (3 x SO niL) and brine (3 x 50 mL), and 
dried over Na,SO,. The crude product was purified by chromatography on 
SiO, (98:2 CHCl,/CH,OH) to give the title compound as a colorless solid 
(790mg, 75%). M.p. 53-54°C; 'HNMR (CDCI,): 6 = 0.87 (t. J = 6.9 Hz, 
6H),  1.20-1.40(m, 36H), 1.40-1.60(m,4H), 3.30-3.60(m, 8H),4.10(hr, 
1 H), 4.95 (hr, 2H),  5.70 (br, 1 H); C,oHS,N,O,CI (556.27): calcd C 64.78. 
H 10.51, N 12.59; found C 64.65, H 10.40, N 12.57. 
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3C,, mela: A mixture of 2-amino-4-chloro-6-(1,3-didodecoxy-2-propyl- 
amino)-1,3,5-triazine (100 mg, 0.18 mmol), dodecylamine (36 mg, 
0.20 mmol), and NaHCO, (17 mg, 0.20 mmol) in 1.4-dioxane (5 mL) was 
refluxcd for 16 hand  then diluted with CHCI, (10 mL). The organic layer was 
washed with water (3 x 10 mL) and brine (3  x 10 mL), and dried over 
Na,SO,. The crude product was purified by chromatography on S O ,  (98 :Z  
CHCI,/CH,OH) to give 3C,,mela as a colorless oil (105 mg, 83%). 
1HNMR(CDC1,) :6=0.X7(t ,  J=6 .Y  H z , 9 H ) ,  1.20-1.40(rn,56H), 1.40- 
1.60 (m, 6 H ) ,  3.20-3.60 (m, IOH), 4.10 (br. I H ) ,  4.95 (br, 4H) ;  
C42HR4N,,02 (705.16): calcd C 71.54, H 12.01, N 11.92; found C 71.22, H 
11.93, N 11.84. 


4C,,mela: A mixture of 2-amino-4,6-dichloro-1,3,5-triazine (50 mg, 
0.3 mmol), 1.3-didodecoxy-2-propylamine (285 ing, 0.65 mmol), and NaH- 
CO, (56 mg. 0.65 mmol) in 1,4-dioxane (5 mL) was refluxed for 20 h then 
diluted with CHCI, (10mL). The oi-ganic layer was washed with water 
(10n iLx3)  and brine ( 1 0 m L x  3), and dried over Na,SO,. The crude 
product was purified by chromatography on SiO, (98:2 CHCI,/CH,OH) to 
give 4C,,mela as a colorless solid (100 mg, 35%).  M.p. 35--36"C. ' H N M R  
(CDCI,):d=0.87(1. J = 6 . 9 H z , 1 2 H ) ,  1.20- 1.40(m,72H), 1.40-1.60(m. 
8H) ,  3.20-3.60 (in, 16H). 4.10 (br, 2 H ) ,  4.95 (br, 4 H ) ;  C,,H,,,N,O, 
(94737):  calcd C 72.25, H 12.13, N 8.87: found C 72.24, H 12.10, N 8.79. 


P A  Isotherm measurement: n-A Isotherms were measured with a computer- 
controlled film balance system FSD-50 (US1 System, Fukuoka). A mixture 
of benzenejethanol(4/1, v/v) was used as the spreading solvent. Compression 
was started about 10min after spreading at a rate of 0.2 mn1s-l (or 
30 mm2s-1  bascd on area). The subphase temperature was kept at 
20.0f0.2 "C. Surface pressures were measured by a Wilhelmy plate, which 
was calibrated with the transition pressure of an octadecanoic acid mono- 
layer. 


LB Film preparation: Slide glasses coated with chromium and gold (100 nm 
Au, 5 nm Cr,'slide glass) by the vapor-deposition method were used as sub- 
strates for LB film transfer. LB transfer was carried out with an FSD-21 
insti-ument (US1 System, Fukuoka) by the vcrtical dipping method with 
dipping speeds of 20 mminin- I (down stroke) and 5 mmmin (up stroke). 
The 3Ci,inela monolayer was transferred at 20 n1Nm-l and the other 
monolayers were transferred at 15 mN m I .  Nine layers of 2Ci,mela mono- 
layer were transferred with the Y-type transfer from pure water. Ten-layers 
of the monolayer were transferred with the Z-type transfer from 10 mM BA 
solution. Transfer ratios were almost unity. These LB films were used in KAS 
mode FT-IR and XPS measurements. 


FT-IR Measurement: RAS Mode FT-IR spectra of the LB films were mea- 
sured with a Nicole( 710 FT-IR spectrometer with a resolution of 2 cm- ' .  


Determination of BA binding to monolayers by XPS measurement: X-ray 
photoclectron spectra (XPS) of the LB films were measured with a Perkin- 
Elmer PHI 5300 ESCA, and the X-ray source was MgKe (300 W).  Repeated 
scans over the same surface region at a takc-off angle of 45" gave reproducible 
spectra. The elemental composition was obtained by dividing the observed 
peak area by the intrinsic sensitivity factor of each element. The amount of 
bound BA per melamine amphiphile (1.) was obtaiiied from O/N ratio. XPS 
mcasurenients on LB films sometimes need a depth correction;"" however, 
we assumed that corrections were not necessary, because oxygen and nitrogen 
atoms. which were used for the value determination, are located close to 
each other in the film. The amount of bound BA per melamine amphiphlle 
(J,) was obtained from Equation ( l ) ,  where u and h represent the numbers of 


J' = [u(O'N) - h]i[3 - 2(0;N)j (1) 


nitrogen and oxygen atoms in the amphiphile molecules, respectively (for 
2C,,mela,  (I = 6 and h = 0 ;  for 2C,,OC,mela and 3C,,inela, a = 6 and 
b = 2; for 4C,,mela, a = 6 and h = 4). The y values were plotted as a 
function of BA concentration in the subphase and the plots obtained were 
analyzed by curve fitting with a Langmuir equation [Eq. (2)J in order to 
determine the binding constant ( K )  and the binding ratio a t  saturation ( r ) .  


y = r[BA]/(l/K +[BAJ) (2) 
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A Comparative Study of 0x0-Ligand Effects in the Gas-Phase Chemistry of 
Atomic Lanthanide and Actinide Cations 


Hans H. Cornehl, Ralf Wesendrup, Martin Diefenbach, and Helmut Schwarz* 


Abstract: The effects of 0x0 ligands on 
lanthanide and actinide cations have been 
examined for the mono- and dioxocations 
MO’ and MO; of cerium, neodymium, 
thorium, and uranium by probing C-H 
and C-C bond activation of hydrocar- 
bons in an FT-ICR mass spectrometer. 
The metal monoxide cations are readily 
available by reaction of the “bare” metal 
cations with 0,, CO,, N,O, or H,O. In 
the ensuing oxidation of MO’, UO: is 
obtained by each of these oxidants, while 
CeO’ could only be oxidized by N,O. 


NO, was necessary for the generation of 
Tho;, and NdOz could not be prepared 
at all. The monoxides are rather unreac- 
tive and only dehydrogenate reactive sub- 
strates such as 1-butene and 1,4-cyclo- 
hexadiene to generate the corresponding 
butadiene or benzene complexes. In con- 


Keywords 
actinides - C-H activation * lan- 
thanides - mass spectrometry - metal 
oxides - oxygen transfer 


Introduction 


Within the last decade gas-phase investigations of “bare” transi- 
tion-metal cations have developed as an independent and fasci- 
nating area of contemporary research.“] These experiments 
provide the possibility of probing the intrinsic properties of the 
metals without interference by bulk effects which are present in 
condensed systems. Thus, a comprehensive body of information 
on thermochemistry, kinetics, and mechanistic aspects of transi- 
tion-metal chemistry in the gas phase is now available. Recently, 
this work has been extended to the f-elements[’] by systematic 
studies on the reactions of the whole series of lanthanide cations 
Ln + with various organic substrates.[31 These experiments re- 
vealed that at least two non-f electrons in the ground-state con- 
figuration of Ln+ are required for the activation of alkanes, 
whereas the corelike 4f electrons do not participate in bond 
formation.[2c1 Hence, the chemistry of lanthanides, which do not 
possess two non-f electrons in their ground state, is determined 
by the promotion energy of a 4f electron into a non-f orbital. 
Unfortunately, a comparative systematic study of the actinide 
elements is prevented by their radioactivity, unless strict supple- 
mentary safety requirements are met, which are not provided in 
a standard laboratory. But case studies revealed that the higher 
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Strasse des 17. Juni 135, D-10623 Berlin (Germany) 
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trast, CeOl and Tho: react efficiently 
with different substrates by abstraction of 
a hydrogen atom and formation of the 
closed-shell species OMOH’, or by oxy- 
gen atom transfer to unsaturated hydro- 
carbons. In marked contrast, UO: only 
undergoes very slow adduct formation 
with unsaturated hydrocarbons. The re- 
sults are compared with the reactions of 
the “bare” metals with respect to the in- 
fluence of the 0x0 ligand as well as to the 
underlying electronic features of the in- 
vestigated complexes. 


homologues of cerium and neodymium, the 5 f-elements thori- 
urnc4] and with electronic ground-state configura- 
tions of (7s’ 6d’) and (7s’ 5f3), respectively, do effectively dehy- 
drogenate saturated hydrocarbons, in complete agreement with 
the rule derived for the lanthanides. As an extension to the 
investigation of the “bare” metal cations, the evaluation of lig- 
and effects adds valuable information. Addition of one or sever- 
al ligands L may well be regarded as an attempt to establish a 
link between gas-phase and condensed-phase chemistry and can 
provide a rationale for the way in which the reactivity of ML’ 
complexes changes as compared with the “bare” transition- 
metal cations M + .[61 


A common feature of all f-elements is their high oxophilicity. 
so it appears to be a logical extension to previous work to study 
the corresponding metal-oxide cations. The chemistry of di- 
atomic metal oxocations MO’ has recently been reviewed with 
an emphasis on the first transition-metal row.[’] These studies, 
together with theoretical and experimental investigations of 
transition-metal dioxides,[’] showed that the oxygen atom is far 
from serving as a simple spectator ligand. It strongly influences 
the electronic structure of the metal center and thus dramatical- 
ly changes its chemistry. For the f-elements, analogous 
effects have recently been reported in an investigation of CeO: 
(n  = O-2), as an 


The present paper focuses on the effects of 0x0 ligands on the 
chemical reactivity of the actinides Th and U in comparison 
with their lanthanide homologues Ce and Nd, as probed by a set 
of selected hydrocarbon substrates. This comparison of the ac- 
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tinide and the lanthanide rows is expected to yield valuable 
information concerning the role o f f  clcctrons in chemical pro- 
cesses. For  this purpose, in the following discussion data from 
earlier investigations of the "bare" metal cations, obtained with 
an idcntical experimental setup, are also included. 


Experimental Section 


The experiments were performed with a Spectrospin CMS 47X FT-ICR 
mass spectrometer equipped with an external ion source and a superconduct- 
ing magnet (Oxford Instruments, 7.05 T);  the instrument and its operation 
have been described in detail previously.""' In brief, M ' ions were generated 
with laser desorptionllaser ionization by focusing the beam of an Nd:YAG 
laser (1064 nm) onto a pure metal target.'"] The cations were extracted from 
the ion source and transferred to the analyzer cell by a system of electric 
potentials and lenses. Isolation of the most abundant metal isotope and all 
subsequent isolation steps were performed by using f.'ERETS,[iZ1 a computer- 
controlled ion-ejection protocol that combines single-frequency ion-ejection 
pulses with frequency sweeps to optimize ion isolation. Most 0x0- and diox- 
ocaiions were generated by treating the "bare" metal ions with pulsed-in 
carbon dioxide or nitrous oxide, respectively. For  the generation of CeO: 
consecutive pulses of carbon dioxide and nitrogen dioxide were used (see 
below). Thermalization and removal of excess energy were afforded by colli- 
sions with excess reactant gas (maximum pressure ca. 10- mbar), and the 
thcrinalized ions were carefully reisolated to avoid off-resonance excita- 
tion."31 Reactants were admitted to the cell through a leak valve at  a station- 
ary pressure of 10.'- 10-?mbar .  Rate constants were derived fi-om the 
pseudo first-order decay of the reactant ions, corrected for undesired reac- 
tions with residual water, and are reported with an  estimated error of &40%,  
using the theoretical collision rate according to the average dipole orientation 
theory (kADo) iis ;I referen~e."~]  Collision-induccd dissociation (CID)[I5' 
exptriments were carried out a t  different excitation energies with argon as 
collision gas a t  a pi-essure of 10 mbar. All functions of the instrument were 
controlled by a Bruker Aspect 3000 minicomputer. 


All reactions of Tho: with hydrocarbons were investigated by using 
perdeuterated compounds. Severe interference due to the reaction of the 
dioxo cation with residual water to yicld ThO,H+, a product which also 
resiiIts from the hydrocarbon reactions, did not allow for a proper reaction 
analysis with non-deutcrated compounds. Water is not only present as an 
almost constant background impurity in the machine. but also in variable 
amounts iii the valves used for pulsing and leaking-in the reactants. Thus, a 
corrzction for the background reaction by means of a "blind-probe" with 
argon. as performed for the case of CeOi,191 was not possible here. 


Ab initio pseudopotential (PP) calculations were performed on ThO ' and its 
fragments T h t  and 0 with the quasirelativistic 60-core electron thorium PP 
and the associated (12sl IplOd 8f)/[Xs7p6d4f] valence basis set by Kuchle et 
al. 'l"]A (14s9p4d)/[6s5p3d] atomic natural orbital (ANO) basis set was used 
fot- oxygen."'] Spin-restricted Hartree-Fock computations were followed by 
spin-restricted coupled-cluster calculations, a s  implemented in MOL- 
PRO96,"" covering all single and double excitations, and a perturbational 
treatment ol' triple excitations to account for electron correlation (CCS- 
D(T)).""l with correlation of all explicitly trcatcd electrons except for the 5s, 
5p. and 5d electrons of thorium and the 1 5  electrons of oxygen. Geometrics 
were optimized stepwise by calculating several points in the proximity of the 
minima on the potential-energy surfaces. Further, state-averaged complete 
acthe spacc self-consistent field (CASSCF) calculations were performed to 
obtain access to higher excited states, in particular the *Qi state for Tho '  
within the C," symmetry employed here. All energies given are not corrected 
for 7ero-poin~ vibrational energies or for thermal effects. 


Results and Discussion 


Thc four f-element cations M +  under investigation (M = Ce, 
Nd, Th, U) arc readily oxidized to  the corresponding monoxides 
M O +  in exothermicr2". (see Table 1) ion/molecule reactions 


Table 1. Experimental bond dissociation energies (BDEs) in kcalmol-' for oxo- 
and dioxocations and for oxidizing reagents. 


M BDE(M+-O) BDE(OM+ 0)  R BDE(R-0) [b] 


Ce 196516[b] 88+15[c] N, 40.0 
Nd 178f7 [a] 50_+39 [d] 0 119.2 
Th 2OY+4 [h] 110+2 [el CO 1272 
U 19455 [b] 1 8 1 i 3  [h] H, 1174 


NO 73.5 


[a] Ref. (201. [b] Ref. [21]. [c] Ref. [9]. [d] Only this very crude estimate can be 
derived from ref. [20]. [el The upper boundary given in ref. [21] has been corrected 
according to experimental results obtained in this work. 


by either nitrous oxide, molecular oxygen, or carbon dioxide 
(Tablc 2 and Scheme 1). In the case of N,O a substantial frac- 
tion of MN+ is formed as a by-product, whereas for the other 
two reagents formation of MO' represents the only primary 


Table 2. Reaction rates relative to knno for the reactions of f-elements with oxidir- 
ing reagents. Products correspond to transfer of an oxygen atom from the substrate 
to the t-eactant ion unless denoted otherwise. Branching ratios ('%) are given in 
parentheses. 


Ion 0 2  co, N,O (MN+JMO $ 1  H,O (MO+/MOH+) 


Ce+ 1 05 0.70 1.03 (25/75) 0.20 (50/50) 
Nd' 0.80 0.08 0.47 (0/100) 0.10 (90110) 
Th' 1.12 0.95 1.02 (35J65) 0.57 (65,'35) 
U +  1.17 1.02 1.25 (30/70) 0.47 (100:O) 


CeO + 
- - 


NdO+ - - - 


T h o +  - 0.71 0.36 (ThO,H+) 
UO' 0.95 0.002 0.49 0.04 


- 


- 


Tho: - - 0.10 (ThO,H+) 


M+ q;+, 
-€I- 


M+ =@ 
co, co 


M+ 


MO+ 


MO+ 


co, co 
MO+ -m 


M = Ce, Nd, Th, U M = T h , U  


Scheme 1. Foi-mation or MO' and MO; 


product channel. These reactions are driven by the formation of 
the strong metal-oxygen bonds. In contrast, oxidation of M +  
by water proceeds a t  significantly lower rates than with carbon 
dioxide, for instance, even though extrusion of oxygen from 
water is favored by 10 kcalmol- '  for the former reagent 
(Table 1). However, oxidation of M +  by water requires substan- 
tial rearrangement of the substrate's skeleton to yield MO+ and 
H,. Moreover, in all cases except for M = U the hydroxyl com- 
plexes MOH' are formed as by-products, concomitantly with 
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the loss of a hydrogen atom, in the primary reaction with water. 
These findings suggest that for the M+/H,O systems significant 
barriers, most probably due to the shift of a hydrogen atom with 
the associated crossing of two different spin hypersurfaces, are 
operative en route to the MO' products.[221 


The second oxidation step to yield MO: is not in all cases as 
straightforward as the first one: 


1) CeO: can only be formed from CeO' with nitrogen diox- 
ide as oxidant. The lower bracket of the bond dissociation ener- 
gy (BDE) in CeOf (BDE(OCe+-0) = 88+15 kcalmol-') has 
been derived from this reaction.['] However, the oxidation of 
CeO+ cannot be achieved by using N,O (BDE(N,-0) = 
40.0 kcalmol-'), which indicates that the barrier for the oxygen 
transfer is located above the CeO+/N,O entrance channel. In 
line with their higher BDEs, neither molecular oxygen nor car- 
bon dioxide react with CeO'. Water and CeO' form a complex 
of formal composition [Ce,O,,H,]' , which either corresponds 
to a genuine CeO'.H,O adduct complex or to the bishydroxyl 
species Ce(OH)$ .['I 


2) Nonc of the oxidizing reagents examined here was able to 
form NdO: in the reaction with NdO', even after the reactant 
ions had been kinetically excited. However, an upper limit for 
BDE(0Nd' -0) cannot be derived from the non-occurrence of 
these oxidation reactions, since substantial kinetic barriers may 
be associated with the oxygen t r a d e r  process. The crude esti- 
mate for BDE(0Nd'-0) given in Table 1 suggests that oxygen 
transfer from 0,, CO,, or H,O is not possible on thermochem- 
ical grounds. 


3) Both Tho' and UO' are effectively converted to ThOf 
and UOf as sole products in the ion/molecule reactions with 
N,O. Also, water is activated by these two actinide-oxide 
cations. Since Tho'  exhibits only one free valence electron, the 
closed-shell species ThO(OH)+ is the only product formed 
in the rcaction of the latter ion with water; this implies 
that BDE(OTh+-OH) is greater than BDE(H-OH) = 


119.2 kcalmol-'. In fact, formation of Tho: cannot be ob- 
served in the reaction of T h o +  and water because it would be 
endothermic by at least 3 kcalmol-' (see below). The UO'I 
H,O system, on the other hand, behaves completely differently. 
Formation of the dioxide UO; concomitantly with the loss of 
molecular hydrogen is the exclusive reaction pathway and is 
exothermic by as much as 60 kcal mol- ' (Table 1). This finding 
is not unexpected and reflects the very stable electronic structure 
of the uranyl cation.[231 Two genuine double bonds are formed 
between the metal center and the two oxygen ligands, and the 
nonbonding metal-centered 5f electron gives rise to the '@" 
ground state of UO;. As expected from the lower BDE of 
ThO+-O as compared with those of 0-0 and CO-0, these 
substrates do not react with Tho'. In contrast, oxidation of 
UO+ by molecular oxygen proceeds at the collision limit, where- 
as only a very slow reaction is observed with CO,. Again, this 
finding points towards substantial barriers along the oxygen 
transfer process, because mere thermochemistry would strongly 
favor formation of UO; in the reaction of UO+ with CO,. We 
note in passing that ThOf, unlike the other dioxo cations, reacts 
at about 10% kADo with water to yield ThO(OH)+ and the 
neutral OH' radical; this has consequences for the experimental 
proceedings in this case (see Experimental Section). Thus, a 
lower bracket for BDE(ThO$-H) can be derived, to 


119 kcalmol- (BDE(H0-H)) since only exothermic reactions 
are observed within the experimental setup of an FT-ICR-MS, 
provided the reactant ions are properly thermalized. 


To prove that genuine dioxides are generated within the ex- 
perimental setup. the CID channels of MO: (M = Th, U;  for 
Cc see ref. [9]) were recorded at difFerent excitation energies. 
The plot of ion intensities (Tho:, T h o + ,  Th') versus thc un- 
corrected center of mass energy (I&) is depicted in Figure 1 for 


L LOO % 


I L 


I - 


50 100 ECM lev] 


mhar). Figure 1. Energy-resolved CID of Tho: with argon as collision gas 
yielding Tho' as primary and Th' as secondary fragment 


the thorium case. Loss of a single oxygen ligand at lower ener- 
gies and subsequent loss of the second ligand at higher energies 
clearly indicate the existence of two genuine oxygen ligands 
bound to the metal center. The results for M = U exactly paral- 
lel those obtained for Th and are in line with recent theoretical 


Reactions of metal dioxocations: None of the hydrocarbon sub- 
strates under investigation were found to be activated by UOf 
and even in the case of 1,4-~yclohexadiene only very slow adduct 
formation to yield UO,C,Hl was observed. In fact, recent the- 
oretical as well as experimental investigations[23] suggested the 
coniplete inertness of this triatomic cation. The '@" ground state 
of UO: can be regarded as a closed valence subshell due to 
formation of two genuine double bonds between the uranium 
center and the oxygen ligands plus a single nonbonding, metal- 
centered f electron. The unpaired f electron on uranium is not 
only sterically shielded, but is probably rather compact with 
respect to its radial expectation value due to the much higher 
charge on the metal center in UO; ( q ( U )  = 2.32e) as compared 
with "bare" U+.r231 Fully in line with this view, determination 
of the second ionization energy of UO, by charge-stripping 
experiments in a four-sector mass systematical- 
ly yields values that are too high, reflecting the ionization of 
UO: into an excited state of UO;?+.[251 Clearly, the f electron is 
not detached by the stripping process, which instead removes 
one of the paired electrons from bonding molecular orbitals that 
are spatially more accessible. 


As mentioned above, the generation of the corresponding 
lower homologue NdO: could not be achieved. Therefore, the 
following discussion focuses on the reactivity of Tho: towards 
different hydrocarbon substrates compared with the reactivity 
of CeO:.['] Table 3 lists the relative reaction rates of MOf 
(M = Ce, Th) with several hydrocarbons. Let us neglect to a 
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Table 3 .  Rate constants relative to the theoretical collision rate k,,, for reactions of MOT 
(M = CC, Nd, Th, U; I I  = 0-2) [a]. 


Ce+ [b] - 0005 0 4 5  0 3 0  


i i ~ '  [LI no4 0 4 0  06s  o 6s 
u +  [d] - - n o 2  0 2  


Nd' [b] 


CeO+ [el - - 


NdO' - 
ThO - - 
UO+ - 


- 


- 


CeO: [el - 0003 010 
Tho: - [f] 0 13 [g] [f] 


1.0 1.0 1.0 1.0 
- 0.45 


0.92 1.0 1.0 1.0 
1.0 1.0 0.9 0.9 


- 


0.10 0.44 0.64 0.62 
0.14[g] 0.36[g] 0,54[g] [f] 


1 .o 
1 .0 


1 .0 


0.004 
0.03 
0.75 
0.51 


1 .n 


[fl 


[a] None of the ioiis reacts with molecular hydrogen. UO: was found to be unreactive 
towards all substrates under investigation. Generation of NdO: was not possible under 
the experimental conditions chosen. Non-observance of a reaction IS denoted by a dash 
and corresponds to k,,, <0.001. [b] Ref. [3], except for Cr+/C,H, (ref. [9]) and Nd+/C,H6 
(this work). [c] Ref. [4]. except for Th+/C,H, (this work, exclusive formation ofThC,Hf ) 
and Th ',cyclo-C,H, (this work; exclusive formation of ThC,H,+). With regard to the 
inherent systcmaric error in determination of absolute rate constants, we reineii~ureil !he 
reaction of Th' with propene and corrected the values from ref. [J] by a factor of 2 for 
better comparison. [d] Ref. [5], except for U+/cyclo-C,H, (this work; exclusive formation 
of UC,H;) [el Ref. [9]; no data available for CeO:,'cyclo-C,H,. [q Reactions were not 
measured owing to the lack of corresponding deuterated compounds (see Experimental 
Section). [g] Values for corresponding pcrdeuterated compounds. 


first approximation the operation of intermolecular kinetic-iso- 
tope effects, which may exist due to the employment of un- 
deuterated compounds for M = Ce and deuterated ones for 
M = Th (see Experimental Section). For the sake of clarity, D 
atoms will be referred to as hydrogen in the following text. 


Scheme2 contains an overview of the reactions of MO: 
(M = Ce, Th) towards ethcne, propenc, and benzene, and a 
compilation of all measured rate constants is given in Table 3. 


the case of the unsaturated hydrocarbons ethene, propene, and 
benzene, the abstraction of a hydrogen atom again represents 
the major, and in the case of benzene even the exclusive pathway 
pursued by Tho:. This radical-like behavior[26J can be ex- 
plained by analogy with the Ce case:[91 a detailed theoretical 
investigation on the CeO: cation revealed a relatively unstable 
electronic situation in which one unpaired electron was found to 
reside in a (5, molecular orbital with contributions from both the 
oxygen 2p,, and the cerium 4fz, and 5pZ2 orbitals to give rise to 
the 'C: ground state. On the other hand, one of the oxygen 
ligands forms a new bond to a hydrogen atom in CeO(OH)+ 
and a closed-shell species arises in which a double bond to the 
0x0 hgand and a single bond to the hydroxo ligand are formed, 
resulting in a saturated valence shell at the singly charged Ce 
center. The driving force for the remarkable reactivity of Tho: 
is providcd by BDE(ThOl-H), which itself is based on the 
underlying electronic structures of reactant and product ions. In 
fact, activation of hydrocarbon substrates by a classical inser- 
tion/elimination mechanism with concomitant loss of a corrc- 
sponding neutral closed-shell species can be ruled out in this 
case since in a simple scenario at least two nonbonding electrons 
are required for the insertion process; for Tho: only a single 
unpaired electron is available. As a pathway competing with the 
hydrogen-atom abstraction, oxygen-atom transfer to the alke- 
nes is observed to generate Tho'. With respect to the reported 
BDE(Th0'-0) of 112f4  kcalmol-',[211 only acetaldehyde is 
accessible as a neutral oxidation product in the reaction with 
cthene. From that result, we obtain a slightly corrected upper 
bracket and derive a BDE(ThO+-O) of 110f2 kcalmol-'. 
Upon reaction with propene, either acetone or propanal can be 
generatcd by oxygen-atom transfer. In contrast to the Tho: 
case, CeO: strongly favors the oxidation channel upon collision 


with unsaturated hydrocarbon~.[~] In thc re- 
actions with ethene and benzene, an oxygen 


Tho; + C2D4 


70% ?IThO,D++ C3D,' 


Ceo: + c3H6 kil 
CeO+ + C3H,0 


Tho; + C3D, 


Tho; + C6D6 -[ThO,D+I+ C,D,' CeOi  + C,H, -----+I+ C,H,OH 


Scheme 2 .  Overview of the reactions of MOT (M = Ce. Th) towards ethene, propene, and benzene 


atom is transferred to yield exclusively the 
diatomic CeO+ and the corresponding oxi- 
dized hydrocarbon, which, in the case of ben- 
zene, is phenol. Even in the reaction with 
propene which offers a competing pathway, 
namely, homolytic cleavage of the relatively 
weak allylic C-H bond, 75% of the reaction 
products correspond to the oxidation process 
described above. These reactivity differences 
between thc lanthanide and the actinide di- 
oxocations are not surprising if one considers 
the significantly lower BDE of the second 


Neither of the cationic dioxides reacts with molecular hydrogen 
or with methane, although hydrogen abstraction would be ther- 
mochemically accessible for Tho:. This finding can probably 
be attributed to the weak interaction of CH, (or H,) with the 
dioxocation in the encounter complex. However, both CeOl 
and Tho: abstract a hydrogen atom as the sole observed pro- 
cess in their reactions with propane. Fully in line with the signif- 
icantly higher BDE(Th0:-H) (> 119.2 kcalmol-', see abovc) 
as compared with the corresponding value for CeO: (bracketed 
at 89 f 10 kcalinol-'L91), the reaction is measured to be much 
faster for Tho: (kre, = 0.13) than for CeO: (k,,, = 0.003). In 


oxygen iigand at Ce (88+15 kcalmol-') 
compared with the corresponding value of Th 


(11Of2 kcalmol- I ) .  The strong second mctal-oxygen bond to 
Th obviously disfavors oxidation of cthene as well as propene 
and renders it impossible for benzene, which undergoes an 
exothermic oxidation only with metal oxides that exhibit a 
BDE(M+-0) of less than 101.9 kcalmol-I. 


Reactions of metal rnonoxocations: The most common oxidation 
state of lanthanide compounds in the condensed phase is + 111, 
though Ce'" (e.g. CeO:) plays a role in the active sites of auto- 
mobile exhaust converters, and several other examples for Eu" 
and Yb" compounds are known.[271 This general preference for 
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the trivalcnt state can be traced back to the energy and the overall process occurs close to the detection limit. NdO’, on the 
compact nature of the 4f electrons, which can be considered to other hand, does indeed dehydrogenate the cyclic alkadiene, but 
belong to the lanthanide core rather than to their valence shell. still at a low rate (k,,, = 0.03). Only 25% of the primary prod- 
In this respect, cationic lanthanide oxides LnO+ can be regard- ucts correspond to NdOC,Hz, while adduct formation repre- 
ed as completely saturated species because two of the thrce sents the major pathway. 
valence electrons are involved in making a double bond to the Let us, in this context, inspect the underlying electronic struc- 
oxygen ligand and the third one is detached upon ionization. lures of these cationic lanthanide oxides. Unfortunately, to the 
This simple view at least holds true for the early lanthanides and best of our knowledge, no experimental data on the electronic 
is reflected by the unusually high BDE(Ln+-0) values for spectra of MO+ (M = Ce, Nd, Th, U) are available so far. 
Ln = La-Nd.LZ8’ Thus, CeO’ and NdO’ are, a priori, expected Recent calculations on CeO’ by means of ab initio pseudopo- 
to be inert towards most substrates, as has been shown previous- tential (PP) as well as density-functional methods[’] predict a ’@ 
ly for CeOt.[91 However, this approximate concept is no longer ground state in which two out of the cationic cerium’s three 
fully applicable as more f electrons are added along the Ian- valence electrons form the double bond to oxygen in a “perfect 
thanide row. This subject, however, goes far beyond the scope pairing” pattern.[301 The third one is a nonbonded, metal-cen- 
of the present work and will be discussed in detail in a forthcom- tered 4f electron of #I symmetry. The compact nature of this 
ing SOMO is responsible for the observed inertness and justifies 


None of the metal oxides MO’ (M = Ce, Nd, Th, U) were assignment of that electron to the core of cerium rather than to 
found to activate molecular hydrogen, methane, or propane, its valence shell. The ground-state configuration of NdO’ has 
and they are also inert towards ethene, propene, and benzene. not yet been reported, and a computational approach to NdO’ 
Nevertheless, remarkable differences in the chemical behavior appears quite demanding and would certainly go beyond the 
of the four oxocations under investigation become apparent scope of the present paper, since at least thrce unpaired electrons 
when higher alkenes, namely, 1-butene and 1,4-~yclohexadiene, and an open f shell have to be taken into account. However, its 
are employed. These substrates not only possess quite weak valence structure can be easily derived from a simple model, 
allylic C-H bonds but also, owing to their higher polarizabili- which has already been succesfully applied to calibrate predic- 
ties compared with the smaller substrates, they lower the poten- tions for BDE(Ln’ -CH,).[31 1) The high BDE(Nd+ - 
tial energy wells of the initially formed, rovibrationally excited, 0) = 178k 7 kcalmol-’ suggests, as in the case of cerium, a 
ion/molecule encounter complexes. Moreover, dehydrogena- “perfect pairing” pattern for the neodymium- oxygen bond.L3 11 


tion of 1-butene and 1,4-cyclohexadiene leads to stable butadi- 2)  Binding to the oxygen ligand thus requires excitation of one 
ene and benzene complexes, respectively, thus enhancing the 4f electron into a 5 d orbital from ground-state Nd’ (configura- 
exothermicity of the corresponding processes. Note, in this con- tion: 6s’ 4f4; term: 6Z,,2)1321 to give rise to two “active” non-f 
text, that dehydrogenation of 1,4-cyclo-C6H, to form benzene is valence electrons for formation of the double bond while three 
itself exothermic by 6 kcalmol-’. These three factors signifi- unpaired electrons remain in the 4f ~ u b s h e l l . ~ ~ ~ ~  3) Upon at- 
cantly influence the height of activation barriers leading to tachment of the oxygen ligand, the effective charge on the metal 
products, and 1-butene and 1,4-~yclohexadiene have already center is raised, implying further stabilization of the f as com- 
been successfully employed to probe reactivity thresholds of pared with the s or d Within this scenario, NdO’ 
“bare” LII’.[~] exhibits three “inactive” unpaired 4f electrons on the metal 


Scheme 3 depicts the observed reactions of CeO’ and NdO’ center and, thus should exhibit a similar inertness to CeO’. This 
with I-C,H, and cyclo-C,H,. The corresponding relative reac- conclusion is supported by the experimental results, which re- 
tion rates are listed in Table 3. Neither oxide reacts with 1- veal only a very low reactivity of NdO’ towards 1,4-cyclohexa- 
C,H,. Upon reaction with cyclo-C,H,, only 10% of the very diene. 
low reaction rate (krc, = 0.004) of CeO’ is associated with for- Interestingly, in contrast to their lighter homologues, T h o  + 


mation of a benzene complex, and 90% corresponds to adduct and UO’ activate 1-butene (see Table 3 and Scheme 3). More 
formation. We cannot decide whether the CeOC,H; signal is than 20% of all collisions of T h o +  with 1-butene are reactive 
due to adduct formation with benzene impurities in the cyclo- and lead to two different reaction products. In one pathway, a 
C,H, or corresponds to a genuine chemical reaction, as the methyl radical is expelled from the hydrocarbon substrate to 


give rise to an ion of the composition 
ThOC,H: (80 %). This radical-type behavior 
of Tho’ can be explained according to the 
mechanism depicted in Scheme 4: after initial 
formation of the rovibrationally excited ion/ 
molecule encounter complex, the weak allylic 
C-C bond (BDE =75.3 kcalmol-’) is ho- 
molytically cleaved. In the intermediate thus 
formed, a methyl and an ally1 radical are bound 
to Tho’. This leads, however, to an unsatis- 
factory electronic situation, since only one va- 
lence electron is left on the metal center for 
formation of the bonds to the two open-shell 
fragments. Thus, from this complex, subse- 
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AcO+ + 


IAcOC3HSfl 
only Th 


-CH3’ 
iz= Lno’ + -15L, Products 


pq 
-HZ 


AcO’ + 0 Tm] 
-hv 


Lno++ ‘?c,, 
Scheme 3. Reactions of LnO+ (M = Ce, Nd) and AcO+ (M = Th, U) with I-C,H, and cyclo-C,H,. 
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querit loss of either the ally1 or the methyl radical is required to reasonable agreement with the experimental value of 
yield a stable ionic closed-shell product. As a matter of fact, only 209 f 4  kcal mol- '. This accuracy is satisfactory for the present 
the latter process is observed; it leads to an ion of composition purpose, which is to give a picture of the relative order of low- 
ThOC,Hl, which can be regarded as an 0x0-ally1 complex of lying excited states rather than numerically accurate spectro- 
Th'. In contrast to the alternative OTh+-CH, species, scopic constants. In this context, the agreement between CCS- 
ThOC,H: is stabilized by electrostatic interaction of the metal's D(T) and CASSCF term energies is satisfactory. It is found that 
positive charge with the n-electron system of the organic one metal-centered single electron corresponding to the 7s 
residue. In the second pathway, the butadiene complex atomic orbital of thorium gives rise to the '2' ground state of 
OThC,H; is formed (Scheme 4, pathway b, 20%) through loss Tho'. The lowest-lying excited state in which the unpaired 


electron has mainly f-character ('a) has a term 
energy as high as 22029 cm- ' (CASSCF), which 
prevents its population under the thermal condi- 
tions that prevail in the FT-ICR. The pure s char- 
acter of the unpaired electron in ground-state 
Tho'  is in line with earlier computational results 
for neutral where the 'Z t  ground state 
has been pictured as Th2+(7s2,'S)O2-('S). 
These theoretical findings corroborate the sur- 
prising gas-phase reactivity of T h o +  in its reac- 


Tho+ +-& 


tions with 1-butene and water. 
UO+, on the other hand, reacts differently: at 


a much slower rate (k,el = 0.008) than T h o + ,  
1 --L m[ -El 


-H2 \/ 


Scheme 4. Mechanisms of reactions of rhO+ and UO' with I-C,H, 


of a hydrogen molecule. Following pathway b, Tho'  abstracts 
an allylic H atom from 1-butene (BDE = 82.3 kcalmol-I), giv- 
ing rise to an intermediate analogous to the one formed in path- 
way a. However, direct loss of a single hydrogen atom is en- 
ergctically disfavored in comparison with the expulsion of a 
methyl radical. Thus, H' abstracts one of the remaining H atoms 
on the substrate, and consequently a hydrogen molecule is lost 
to give rise to the butadiene complex. The latter process finds its 
counterpart in several examples of organic radical cation chem- 
istry. 


To correlate these experimental findings with the underlying 
electronic structure of the thorium oxocation, we have calcu- 
lated ground and low-lying excited states for Tho '  using the 
CCSD(T) and additional CASSCF methods. The latter was em- 
ployed to obtain access to the first excited state with a major 
contribution from a 5f orbital to the SOMO ('a). This state 
exhibits the same B,  + B, symmetry within the C,, point 
groug-the largest abelian subgroup to the C,, molecular sym- 
metry available in MOLPRO-as the corresponding SOMO 
with a major 5d contribution (217). Term energies and equilibri- 
um distances are given in Table 4. BDE(Th + -0) was calculated 
within thc CCSD(T) scheme to 196.3 kcalinol-' and is in 


'Lihle 4. Equilibrium bond lengths r,  (in A)  and adiabatic and vertical term energica 
TL fin cin ') of low-lying states of Tho'. 


Term CCSD(T) CASSCP 
1 .  (adiabatic) (verticill) T, (vertical) 


- ~ ~~ ~~ -~ ~ 


2E 1.829 0 0 0 


24 [dl 


2 4  1.842 5267 5 299 4111 
' n  1.850 11798 11x80 11213 


- - 22029 


ki] Thesc values are not accessible with the CCSDjT) method since both 'fl and '4 
terms transform to the Same B ,  + 5, lrreduclhle representations in the C,, point 
group. 
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single dehydrogenation is pursued exclusively in 
the reaction with 1-butene. The fact that loss of a 
methyl radical is not observed suggests a com- 


pletely different mechanism to be operative here. Based on 
analogous considerations to those outlined above for NdO+ , 
binding of an oxygen ligand to U +  (ground-state configuration 
7s25f3; term 4Z9,2)[381 is expected to give rise to an oxocation 
UO' with three unpaired nonbonding electrons of 5 f character. 
In fact, earlier SCF and MC-SCF PP calculations on UO+ 
predict an 4Zq,2 ground state dominated by the single A = 6 
function. It was found that the ground state is very ionic with 
substantially localized molecular orbitals, which at best can be 
described as U3+(5f334Z) 02-('S) . [361 In addition, experimental 
(PES) as well as theoretical results on neutral UO[371 describe its 
electronic ground state as resulting from a 7s2 5f2 configuration 
on uranium. This illustrates the general tendency for the energy 
o f f  orbitals to be lowered with rising charge on the metal, and 
thus supports the assumptions we made for the ground state of 
NdO+. 


The three unpaired electrons on UO' (see below) open up the 
possibility of a reaction with an insertion/elimination mecha- 
nism as depicted in Scheme 4. Instead of abstracting an allylic H 
atom, UO+ is able to insert into the corresponding C-H bond. 
Subsequent 8-hydrogen shift leads to an oxo-dihydridobutadi- 
ene complex, which, by loss of H,, yields the product ion 
OUC,H;. Loss of exchange energy among the unpaired elec- 
trons upon formation of U-H and U-C bonds leads to a rela- 
tive destabilization of the intermediates, and thus accounts Tor 
the inefficiency of the corresponding process in contrast to the 
T h o t  case. 


When the significantly more polarizable substrate 1,4-cyclo- 
hexadienc is employed, effective dehydrogenation is the only 
process observed for both Tho' (krc, = 0.75) and UO' 
(krel = 0.51). This enhanced reactivity is not surprising, since 
deepening of the potential energy wells in the initially formed 
ion/molecule complexes lowers the barriers en route to the prod- 
ucts, and thus accelerates the corresponding C- H bond activa- 
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tion processes. In contrast to I-butene, C-C bond activation of 
the cyclic substrate by T h o +  does not occur, owing to the ease 
of dehydrogenation and the lack of allylic C-C bonds in 1,4-cy- 
clohexadiene. 


Comparison of LnOJ and AcO: (n = 0-2): In this concluding 
section, we compare the reactivity of the "bare" metal ions with 
their corresponding 0x0 complexes with regard to the following 
questions: 1) How does addition of one or two oxygen ligands 
influence the chemical properties off elements'? 2) Can a gencr- 
a1 differentiation between the gas-phase chemistry of lan- 
thanides and actinides be made? 3 )  What is the role o f f  elec- 
trons in the chemistry of Ln' and An+ cations? 


The reactivity of "bare" Ln+ towards hydrocarbons can be 
summarized as follows. Only closed-shell neutral species, mainly 
molecular hydrogen, are lost from the reacting substrates. The 
processes observed obey a classical insertion/elimination mech- 
anism. The measured reaction rates of Ln+ depend on the exci- 
tation energies from the respective electronic ground state to a 
state with two non-f valence electrons, the latter being required 
for insertion into a C-H or C-C In this respect, it 
appears natural that Ce+ (6s' 5dZ 4f' ground-state configura- 
ti or^),[^'' Th' (7s' 6dZ 5fo),[381 and U +  ( 7 ~ ~ 6 d " 5 f ~ ) [ ~ ~ ]  react at 
similar rates with butane as well as with all unsaturated hydro- 
carbons investigated (see Table 3). However, the remarkable 
differences observed for the lower alkanes deserve a closer look. 
Reactions of Ln+ with methane were not observed on thermo- 
chemical grounds, whereas slow formation of ThCH: 
(kre, = 0.04) suggests that this reaction proceeds close to the 
thermochemical threshold. The corresponding process is not 
observed for U+ ,  since here the potential product UCH: is 
expected to be destabilized in comparison with the thorium 
complex by the greater loss of exchange energy. The same argu- 
ment applies for the reaction with propane, which proceeds at 
moderate efficiencies for Ce+ (k, , ,  = 0.30) and Th+ 
(krel = 0.65), whereas it is slow for U +  (krel = 0.02). Note, in 
addition, that Th+ dehydrogenates ethane more efficiently 
(kre, = 0.40) than its lighter homologue Ce' (k,,, = 0.005) in 
analogy with the different reactivity of transition metals from 
the first d period and those of the second and third.[391 


For the evaluation of the effect of the first oxygen ligand, it 
is instructive to consider the underlying electronic structures of 
MO'. The overall inertness of CeO' can be attributed to its '@ 
electronic ground state, the SOMO of which arises from a 4f 
atomic orbital. In contrast, the corresponding actinide com- 
pound, Tho+  ('.Z+), exhibits radical-like reactivity, as evi- 
denced by the strong bias towards loss of CH; from l-butene. 
With respect to its active unpaired electron of s character, Tho'  
has to be regarded as the cationic oxide of a d element rather 
than of an f element. To confirm this hypothesis, the reactions 
of I-butene and 1,4-cyclohexadiene with ZrO+ were measured 
under identical experimental conditions, because the ground 
state of ZrO+ has been experimentally determined to exhibit the 
same symmetry[401 ('Z+ with a nonbonding 5 s electron on the 
metal center) as the calculated ground state of T h o + .  Although 
activation of I-butene by ZrO+ proceeds at the collisional limit 
and is therefore significantly faster than for Tho', the same 
product channels are pursued at identical branching ratios with- 
in the accuracy of the experiment: 60 % of the collisions lead to 


loss of CH; with formation of ZrOC,H: (70 % for T h o + ) ,  and 
in the other collisions the butadiene complex OZrC,H: (40%) 
is formed by dehydrogenation of the substrate (30 % for Tho'). 
Finally, the behavior of ZrO' towards 1,4-cyclohexadiene ex- 
actly parallels the results obtained for Tho+ : niolecular hydro- 
gen is lost at the collision limit to yield the OZrC,Hl product 
ion exclusively. 


Within the scenario outlined in the preceding section, the 
assumption that both NdO' and UO' exhibit three unpaired f 
electrons in their ground state seems justified, and therefore 
these two ions represent suitable model systems to probe 4f 
versus 5 f electron reactivity. Not unexpectedly, the 4f electrons 
of NdO' do not allow a reaction with I-butene and even 1,4-cy- 
clohexadiene is only very slowly dehydrogenated. The 5 f elec- 
trons on UO+,  on the other hand, do indeed induce slow dehy- 
drogenation of I-butene, and the corresponding process 
becomes efficient when the diene is used; this provides evidence 
for the participation of 5 f electrons in bond formation during 
activation processes. 


In line with the arguments outlined above, upon attachment 
of the second oxygen ligand to UO' the single 5 f electron left 
on the uranium center in UO: becomes lower in energy and 
more compact, rendering this dioxide inert. The similarity of 
Tho: and CeOz in their gas-phase behavior towards the vari- 
ous hydrocarbon substrates investigated can be traced back to 
similar electronic structures in which participation o f f  orbitals 
plays a negligible role. Their chemistry is determined by their 
radical character, which is due to an electron hole in the valence 
shell, as well as by the BDE(OM+ -0). Significant differences in 
the latter account for the observed variations in branching ratios 
of H-atom abstraction versus 0-atom transfer processes. 
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Large Quadratic Hyperpolarizabilities with Donor - Acceptor Polyenes 
Exhibiting Optimum Bond Length Alternation : 
Correlation between Structure and Hyperpolarizability 


M. Blanchard-Desce,* V. Alain, P. V. Bedworth, S. R. Marder, A. Fort, C. Runser, 
M. Barzoukas, S. Lebus, and R. Wortmann 


Abstract: Donor-acceptor polyenes of 
various lengths, and that combine aro- 
matic electron-donating moieties with 
powerful heterocyclic electron-withdraw- 
ing terminal groups, have been synthe- 
sized and characterized as efficient non- 
linear optical (NLO) chromophores. 
Their linear and nonlinear optical proper- 
ties have been investigated, and variations 
in these properties have been related to 
ground-state polarization (dipole p )  and 
structure. In particular, unprecedented 


quadratic hyperpolarizabilities (p )  have 
been achieved (up to p(0) =I500 x 
10-30esu) by reduction of the bond- 
length alternation (BLA) in the polyenic 
chain. In each series of homologous com- 


Keywords 
chromophores - donor - acceptor 
systems hyperpolarizability 
nonlinear optics * polyenes 


Introduction 


The elaboration of nonlinear optical (NLO) materials has at- 
tracted considerable interest for the past two decades because of 
their potential applications in telecommunications, optical data 
storage, and optical information processing. In particular, or- 
ganic materials have received much attention." - '] Organic 
crystals now exist with higher nonlinearities than inorganic crys- 
tals such as lithium niobate (LiNbO,). Organic materials also 
provide an excellent basis for the optimization of NLO materi- 
als owing to their combination of chemical flexibility with a 
variety of possible processing strategies. 


Second-order NLO effects such as second harmonic genera- 
tion (SHG) or electrooptic modulation (which allows for modu- 
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pounds, increasing the number n of conju- 
gated double bonds in the polyenic chain 
results in a marked bathochromic shift, 
more pronounced BLA, and exponential 
increases in pp(0)  values. As a result, 
polyenic chromophores displaying excel- 
lent optical quadratic nonlinearities (with 
pLp values as large as 100 times that of the 
quadratic NLO benchmark 4-dimethyl- 
amino-4-nitrostilbene (DANS)), as well 
as satisfactory solubility, have been ob- 
tained. 


lation of the refractive indices of materials by application of an 
electric static field) require the design of NLO chromophores 
that exhibit large molecular quadratic hyperpolarizability (8). 
In particular, there is currently a need for highly nonlinear or- 
ganic chromophores with large ground-state dipole moments as 
active elements in poled-polymer-based systems for electrooptic 
modulation. 


Most attempts to design molecules with large 8 have been 
based upon "pusli-pull" compounds. Such chromophores have 
an electron-donating group and an electron-withdrawing group 
that interact through a n-conjugated system (with p-nitroaniline 
as the prototype molecular structure). These molecules can dis- 
play a large quadratic hyperpolarizability owing to the occur- 
rence of an intramolecular charge transfer (ICT) transition. 
Within the two-level approximation, the quadratic hyperpolar- 
izability tensor Lpllk is fully one-dimensional along the donor - 
acceptor ICT axis, its main component Lp being related to ICT 
transition characteristics according to Equation (1) .[9, lo] For 


push-pull molecules, the quadratic hyperpolarizability / j  is thus 
expected to increase with decreasing ICT transition energy 
(E ,  increasing transition dipole ( p o l )  and increasing change 
of dipole moment upon excitation (Ap being the difference be- 
tween excited-state and ground-state dipole moments). How- 
ever, molecular engineering of push -pull systems for quadratic 
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400-- 


N L,O is not straightforward since these parameters are interre- 
lated. Therefore, we have attempted to rationally design opti- 
mized push-pull systems by tuning the end groups, as well as 
the length and structurc of the conjugated system. 


a .  


- *  


Results and Discussion 


Design: First, we chose to focus on push-pull polyenes, since 
several recent experimental studies have emphasized the superi- 
ority of the polyenic systcm in terms of quadratic nonlinearities 
and showed that increasing the polyenic chain length results in 
pronounced increases in the quadratic hyperpolarizabili- 
ty.[1'-23J This effect can be related to the red shift of the ICT 
transition as well as to the concomitant increases of both the 
transition dipole and the photoinduced change in dipole ( A p )  
that have been demonstrated experimentally for several series of 
push - pull phenylpolyenes and diphenylpolyenes of increasing 
size.[24, 251 Previous experimental studies also demonstrated 
that the nature of the end groups strongly influences both the 
magnitude of [j and its chain-length behavior.[". ''3 "9  21 -241 


Thus, appropriate choice of donor and acceptor terminal 
groups is expected to further enhance the quadratic hyperpolar- 
izability of push-pull polyenes. 


In addition, semiempirical calculations performed on push- 
pull polyenes have shown that the static quadratic hyperpolariz- 
ability can be correlated with the ground-state polarization and 
concomitantly with a structural parameter, the bond length al- 
ternation (BLA) .[26 281 This coordinate describes the ground- 
state geometry of the molecule and is defined as the average 
difference in length between adjacent carbon -carbon bonds in 
the polyenic chain. The calculations indicate that the quadratic 
hyperpolarizability drops for highly alternated structures 
(BLA = 0.1 1 A, corresponding to alternating long (1.45 A) 
single and short (1.34 A) double bonds) and cancels when 
BLA = 0 8, (i.e., for nonaltcrnated structures). On the 
other hand, f l  peaks at intermediate BLA values (BLA = 


0.05 & 0.01 A), the corresponding magnitude I /l,,,I of the 
positive and negative extrema being system-dependent (see Fig- 
ure 1) .  Consequently, for a given polyenic chain length, a suit- 


Abstract in French: Duns le cadre de l'klaboration de chro- 
mophores pour l'optique nonlinkaire, des polyenes 'bush -pull" 
prisentant des groupements Plectrodonneurs aromatiques et des 
groupes Plectroattracteurs hktirocycliques ont ktk pr6ppurt.s et 
PtudiPs. LeurspropriktCs optiques peuvent gtre corrilies a la struc- 
ture (en particulier lhlternance de longueur de liaison au sein de 
la chaine conjuguke) et la polarisation de l'Ptat,fondamental. Pour 
chaque sPrie de composis homologues, lhllongement de la chaEne 
polvinique s 'accompagne d'un el?et bathochrome et d'une uug- 
men fation e.xpponentielle de la riponse nonlinkaire. L'optimisation 
de la structure 'push-pull" a t.tk ejfectuPe en jouant .sur I'alter- 
nance de longueur de liaison et l'effet de taille. Cette approche a 
pcvmis d'uccider des chromophores solzible.spresentant des non- 
1inc;aritP.s quadratiques excepfionnelles ( f l (0 )  = 1500 x 10- 30 esu 
et des valrurs de pfl atteignant 100,fois celle du 4-dimPthylamino- 
$'-nitrostilb&e JDANS)) . 
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Figure 1. Dependence of on the ground-state geometry for (Me),N- 
(CH=CH),-CHO. BOA is the bond order alternation as defined in refs [27.28]. 


able combination of donor- acceptor groups ensuring optimum 
(BLAI, as well as simultaneously large lflm,,l value, is required 
to achieve markedly enhanced quadratic hyperpolarizability. It 
should be added that lflmaxl value depends on the structure and 
length of the n-conjugated system, as well as on the nature of the 
donor and acceptor groups.[26, 291 


In a simplified description of push-pull polyenes as mixtures 
of neutral and charge-separated (zwitterionic) limiting reso- 
nance forms (Figure 2 ) ,  it can easily be realized that both the 


Figure 2. Neutral (left) and zwitterionic (right) limiting resonance forms of push- 
pull polyenes 


geometrical structure (i.e., BLA) and the polarization (i.e., 
ground-state dipole) are interrelated. Both of them are deter- 
mined by the mixing between the two limiting resonance forms. 
If the neutral form prevails in the ground-state structure, BLA 
is defined as negative. Its value can range from - 0.1 1 A to 0 A. 
Conversely, if the zwitterionic form prevails in the ground state, 
the sign of the coordinate is positive and can vary from 0 A up 
to + 0.1 1 A. When both forms contribute equally to the molec- 
ular structurc, there is no bond length alternation (i.e. 
BLA = 0 A). This particular case is referred to as the "cyanine 
limit", by analogy with symmetrical cyanines that can be de- 
scribed as equal mixtures of two degenerate limiting resonance 
forms. 


Thus, by tuning the parameters that govern the relative 
weight of the two limiting resonance forms, it should be possible 
to optimize the molecular structure so as to maximize the optical 
n~nlinearit ies.[~~'  Qualitatively, a number of factors such as the 
donor-acceptor strength, the nature and size of the conjugated 
path, and external perturbations dictate the balance between the 
limiting resonance forms. For instance, for a given molecular 
structure, increasing the donor - acceptor strength will tend to 
incrcasc chargc scparation. In contrast, increasing length will 
tend to disfavor charge separation. Aromaticity is also an im- 
portant factor that will favor the limiting resonance form with 
the larger aromatic stabilization. Likewise, in solution increas- 
ing solvent polarity can stabilize charge separation. Thus, guide- 
lines are available for the tuning of the nonlinear molecular 
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aimed at reaching the opti- 
mum mixing required to 
yield enhanced quadratic 


-N- optical responses. In addi- 
CHO tion, donors of different 


strength were selected so 
as to tune the basic struc- 


f - N M y  
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NC CN 2b 


A 


* n-I 
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ture about optimum 
IBLAI value. For in- 
stance, the loss in aromatic 
stabilization in the donor 
end upon charge separa- 
tion should be smaller for 
the thiophene ring (series 
3) than for a phenyl ring 
(series 1 and 2), so that a 
more pronounced contri- 
bution from the zwitteri- 
onic form is expected for 


&CHO 2c 


I derivatives 3 than for 


0- derivatives 1 and 2. Also, 
"-1 the julolidine donor moi- 


ety ring (series 2) is known 3b 


a%GHO 
3c 


0 NC CN 


3a 


Scheme 1. Structural formulae of the series of push pull polyenes investigated. 


responses by modulating the mixing between the two limiting 
resonance forms, and therefore for the engineering of molecular 
structures with optimum BLA and enhanced quadratic optical 
nonlinearities. 


Within this framework, we have designed several series of 
push-pull polyenes that incorporate aromatic electron-donat- 
ing moieties and heterocyclic electron-withdrawing end groups 
(series 1-3a, 1-3b in Scheme 1). In order to make up for the 
loss in aromaticity on the donor side upon charge separation, we 
chose powerful heterocyclic acceptors['g3 3 1 - 3 3 1  such as the 1,3- 
diethyl-2-thiobarbituric acid moiety, which gains aromatic sta- 
bilization upon charge separation (see Figure 3). We also exam- 
ined the 3-(dicyanomethylidenyl)-2,3-dihydrobenzothiophene- 
2-ylidenyl-1 ,I -dioxide acceptor moiety, whose phenyl ring be- 
comes conjugated with the polyenic chain in the charge-separat- 
ed form (see Figure 3). By combining aromatic donor groups 
with acceptors that bring some stabilization in the zwitterionic 
form, we sought to achieve reduced bond length alternation and 


f 


to behave as a stronger 
donor than the classical 
dimethylanilino moiety. 


Moreover, we have investigated series of analogous deriva- 
tives of increasing length, so as to achieve even larger hyperpo- 
larizabilities. Examination of these series helps to increase our 
understanding of the factors that determine the dependence of 
p on length. 


Synthesis: The synthetic methodology implemented for the 
preparation of the NLO chromophores investigated in the 
present work is based upon the preparation of polyenals of 
increasing length bearing the electron-donating moieties, fol- 
lowed by grafting of the electron-withdrawing terminal groups 
(Scheme 2) .  Thus, molecules of series 1-3a and 1-3 b were 
obtained from Knoevenagel condensation[341 of molecules of 
series 1-3c [n = 0-31 with either 1,3-diethy1-2-thiobarbituric 
acid (for derivatives a) or 3-(dicyanomethylidene)-2,3-dihy- 
drobenzothiophene-I ,I-dioxide (for derivatives b) . Polyenals of 
series 1 -2c [n = 1-31 were prepared from the generic aldehyde 
1-2c [n = 01 by stepwise repetition of Wittig oxyprenylation 


- 0  Q&e N * * 0Ll-p \/\ 


NC CN NC CN 


Figure 3. Limiting resonance forms for molecules 1 a[3] and 3b[3). In  both cases, the acceptor stabilizes the charge-separated form. 
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1 )  Stepwise preparation of polyenals Table I .  Thermal data from DSC experiments for compounds of series 1-3,a-b. 


'*CHO n 


1 )  NaH / THF 


2) H30' 


2) Knoevenagel condensation 


02P NC 


0 


Scheme 2 Synthetic method used for the preparation of polyenes of series 1-3, 
a b  


followed by acidic hydro lys i~ .~~ ' '  Aldehydes 3c[O] and 3c[l] 
were obtained by deprotonation of 2-N-piperidinylthiophene 
with n-butyllithium followed by reaction with DMF (for 
3c[O]) or  dimethylaminoacrolein (for 3c[ 11). Polyenals 3c[2] 
and 3c[3] were then prepared by bisvinylogous extension of 
aldehydes 3c[O] and 3c[l] based upon treatment with 
1 -methoxy-I .3-butadien-4-yl lithium and subsequent acidic 
hydrolysis.[361 


Thermal stability: Stability is a major requirement for practical 
applications (in particular for incorporation of NLO chro- 
mophores in poled-polymer structures). The thermal stability 
or the synthetic push-pull polyencs was investigated by dif- 
fcrential scanning calorimetry (DSC) . Protocols similar to those 
described in re[. [37] were used. They allowed for determination 
of T,, (melting point) as well as Tdi (onset of decomposition) 
and T,, (maximum of the decomposition exotherm). It 
should bc noted that Ti values only provide a helpful upper 
limit of thermal stability.r371 The DSC data are collected in 
F ~ b l e  1. 


In a number orcases (in particular for series 2b and 3 b as well 
as higher derivatives of series 1 b, 2 a, and 3a) ,  decomposition 
occurs prior to melting. As noted from Table 1, both Tdi and T,, 
are found to decrease with increasing polyenic chain length, 
indicating a decrease of thermal stability for longer polyenic 
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2 74 
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369 
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derivatives. However, thermal decomposition does not occur 
below 175 T, even for the longest derivatives. Molecules of type 
3 were found to display higher thermal stability than derivatives 
of type I or  2 (in particular for shorter molccules). 


Electrochemical properties: In order to evaluate and compare 
the relative acceptor and donor strength, redox potentials of 
molecules of similar size incorporating the various donor and 
acceptor moieties were determined by cyclic voltammetry (CV) . 
All moleculcs show reversible one-electron oxidation (in some 
cases two successive one-electron oxidation waves) and reduc- 
tion waves. The corresponding E values determined relative to 
the saturated calomel electrode are gathered in Table 2. 


Table 2 Redox potential ( E o  values in V relative to SCE) determined by CV. 


Reduction Oxidation 


1 a[2] 
2a[2] 
3 a[?] 
1 b(2j 
2 b[2] 
3b[2] 


0.875, 1830 
0 730, 1 490 
0 715 
0950, 1780 
0 750 
0 781 


- 0  800 
-0.810 
-0 825 
- 0 384 
-0  440 
- 0.490 


Comparison of the values for molecules 1a[2], 2a[2], and 
3a[2] reveals that the change from dibutylaminophenyl to julo- 
lidine and piperidine- thiophene derivatives leads to a decrease 
of the oxidation potential as well as to a shift of the reduction 
potential towards more negative values. This is consistent with 
increasing donor strength that facilitates oxidation and renders 
reduction more difficult. Conversely, derivatives of type b show 
both higher oxidation potentials and less negative reduction 
potentials than molecules of type a, in agreement with the more 
pronounced acceptor strength (which facilitates reduction and 
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renders oxidation more difficult) of the 3-(dicyanomethy1idene)- 
2,3-dihydrobenzothiophene-1 ,I-dioxide moiety compared with 
the 1,3-diethyl-2-thiobarbituric acid end group. 


Ground-state polarization and structure 
Polarization: Thc dipole moment p of compounds of series 1- 
3 a and 1 b were determined from dielectric and refractive index 
measurements conducted in toluene by means of the Debye 
formula.[381 Dipole moments of molecules of series 2-3b and 
3a could not be satisfactorily investigated by this method owing 
to their low solubility in apolar solvents. Accordingly, they were 
determined by elcctrooptical absorption measurements (vide in- 
fra). As can be seen in Table 7, the powerful heterocyclic accep- 
tors induce significant polarization in the ground state. 


Comparison of derivatives of series l a  with derivatives of 
series I b of similar length indicales that the 3-(dicyanoinethyli- 
dene)-2,3-dihydrobenzothiophcne-l ,I-dioxide acceptor moiety 
leads to slightly smaller dipole moments than the electron-with- 
drawing 1.3-diethyl-2-thiobarbituric acid end group. However, 
it should be noted that this effect could be due to the nonlinear 
shape of the former, in which cyano substitucnts point back 
towards the donor. Examination of compounds of series 1 a, 2 a, 
3a reveals that the presence of the piperidine- thiophene donor 
results in larger dipoles than the julolidine moiety, and that 
this latter induces larger dipole moments than the dibutyl- 
aminophenyl group, as expected from the relative donor 
strengths. 


In each homologous series, increasing the conjugation length 
results in only slight increases in dipole moment, with apparent 
saturation for the longest derivatives. Such behavior has already 
been observed with other series of push-pull polyene~.[’~. 261 


Within the two-form description of push-pull molecules, this 
behavior can be related to an increase of the contribution of the 
neutral form to the ground state with increasing length. This 
reflects the growing difficulty of separating charges over larger 
distances. As a result, although the dipole moment of the 
zwitterionic form rises rapidly with length, only a weak increase 
(or saturation) of the ground-state dipole moment is observed, 
because of the drop in the zwitterionic contribution to the 
ground state. 


Structure: The molecular structure of molecule 1 b[3] in the solid 
state has been determined by X-ray crystallography. An impor- 
tant feature is that the polyenic chain exhibits a nearly planar 
zigzag conformation, the heterocyclic and phenyl rings of thc 
acceptor moiety lying in the samc average plane. The phenyl 
ring of the donor moiety is only slightly twisted (twist angle 
~ 1 6 ” )  with rcspect to the plane of the conjugated chain. 
Similarly, the dicyanovinyl of the acceptor moiety lies almost 
in the same plane (twist angle ~ 9 ” ) .  Bond length alternation 
can be directly determined in the solid state by calculating 
the average difference between C=C and C-C bond lengths 
in the polyenic chain linking the donor and acceptor moiety. 
A BLA value of -0.04A is obtained, indicative of reduced 
bond length alternation and a significant contribution of the 
zwitterionic resonance form in the ground state of molecule 
1 b[3] in the solid state. This is also indicated by the partial 
quinoidal character of the phenyl ring of the donor end group. 
X-ray crystallography indicates an almost optimal BLA for 


molecule 1 b[3] in the solid state. However, it should be kept in 
mind that in general the solid state corresponds to a polar envi- 
ronment because of the strong internal field in crystals of polar 
molecules. This will tend to favor charge separation and there- 
fore may be responsible for an alteration of BLA with respect to 
apolar or weakly polar media. 


In order to obtain information about the structure and con- 
formation of molecules 1-3,a-b in an apolar environment, wc 
conducted AM 1 semiempirical calculations for the isolated 
state. These calculations yielded nearly planar conjugated 
polyenic chains for all polyenic derivatives. The aromatic rings 
of the three donor moieties (1, 2, or 3) were found to be only 
slightly twisted with respect to the conjugated chain (except for 
molecules corresponding to n = 1 owing to steric hindrance). 
For n >  1, the thiobarbituric acceptor moiety (molecules of type 
a) was found to be almost planar and close to the plane of the 
conjugated chain. In contrast, the calculations suggested an 
overall “butterfly” shape for molecules of type b. The hetcro- 
cyclic acceptor moiety is tilted with respect to the polyenic 
chain. In particular, the dicyanovinyl group presents a twist 
angle of about 34”. The differences noted between the confor- 
mations of the heterocyclic acceptor for molecules of type b in 
the solid and in the isolated state may be attributed to packing 
effects that play an important role in determining the conforma- 
tions of molecules in the crystal. 


The AM 1 calculations indicate that bond length alternation 
is more pronounced near the donor end than near the acceptor 
end. This behavior was also observed in the crystal structure of 
two push-pull phenylpolyenes bearing a strong heterocyclic 
acceptor,“ 91 and probably reflects the larger influencc of power- 
ful hetcrocyclic acceptor end groups than aromatic donor moi- 
eties. For that reason, we chose to define BLA as an average 
coordinate. In agreement with a conventional earlier definition, 
BLA values were calcukated as the average differencc between 
adjacent C=C and C-C bond lengths in the polyenic chain. The 
BLA values obtained for molecules 1 -3,a-b in the isolated state 
are listed in Table 3.  They range from -0.055 to -0.09 A, 
depending on the donor-acceptor strength as well as on the 


Table 3 .  BLA (average difference between C=C and C - C  bonds) trom A M  1 GIICLI- 
lations for compounds of series 1-3,a-b (in A). 


n l a  2 a  3 a  l b  2b 3b  
- ~ 


1 -0081 -0080 -0057 -0080 -0076 -0055 
- -00825 -0082 -0071 -0085 -0085 -0078 
3 -0088 -0087 -0081 -0090 0089 -0083 
4 -0090 - 0090 -0085 -0092 -0092 -00b7 


7 


polyenic chain length. This is indicative of somewhat reduced 
bond length alternation. In addition, the bond lengths obtained 
for the aromatic donor terminal groups are consistent with some 
contribution of the zwitterionic form in the ground state of the 
molecules. In particular, the phcnyl rings of molecules of type 1 
and 2 are found to show partial quinoidal character. An impor- 
tant point is thc difference between the BLA valucs calculated 
for the isolated molecule I b[3] and determined in the crystal. A 
much less alternated structure was obtained in the solid statc 
than in the isolated state: this indicates a notable stabilization of 
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the zwitterionic form by polar surroundings. Further investiga- 
tions of the influence of a polar environment on bond length 
alternation are presented below. 


In each series of homologous push-pull polyenes, JBLAI 
values increase with increasing polyenic chain length. In the 
two-form description, this behavior can be explained in terms of 
increasing weight of the neutral form with increasing polyenic 
chain length, resulting from the larger energetic price associated 
with charge separation. The behavior is consistent with the lev- 
eling-off of the ground-state dipole moment observed with ris- 
ing polyenic chain length. For compounds of comparable length 
and bearing identical acceptors, JBLAI is found to decrease in 
the order series 1 > series 2 > 3. Thus, increasing donor strength 
leads to decreasing BLA, in agreement with an increased contri- 
bution of the zwitterionic form and concomitant increased 
ground-state polarization. On the other hand, derivatives of 
type b are found to show slightly more pronounced BLA (except 
for molecules corresponding to n = 1, probably due to steric 
hindrance preventing planarity in the case of molecules 1 a [l], 
2a[2], and 3a[2]) than derivatives of type a, though the 3- 
(dicyanomethylidene)-2,3-dihydrobenzothiophene-l ,I-dioxide 
(b) was found to be a more powerful electron-withdrawing 
group than the 1,3-diethyl-2-thiobarbituric moiety (a). This pe- 
culiar behavior could possibly be explained by the solvent effect 
on the ground-state structure and the difference in polarizability 
between the different derivatives (vide infra) . In particular, it 
should be kept in mind that the CV measurements used for 
ranking of relativc acceptor strengths were conducted in a polar 
solvent. acetonitrile. 


MMRstudies: 'H NMR spectra obtained in CDCl, indicated an 
all-trans configuration of the polyenic chain for molecules 1- 
3,a-c. Each proton along the polyenic chain was identified by 
means of COSY experiments. Their chemical shifts show oscilla- 
tory behavior: the odd-row protons (starting from the donor 
terminal) are deshielded with respect to shielded even-row pro- 
tons (except for the last even-row proton, which is deshielded 
because of its proximity to carbonyl or cyano groups responsi- 
ble for magnetic anisotropy). 


Quantum chemical calculations and related NMR investiga- 
tions conducted on a number of cyanines, merocyanines, and 
polyenes have revealed an almost linear correlation between the 
coupling constant for trans vicinal protons in the conjugated 
chain and the corresponding carbon-carbon bond length (or 
bond order) .[39,401 Accordingly, examination of the variation of 
the 3JHH values along the polyenic chain provides an estimation 
of BLA in solution. For an alternated polyene (BLAz 
- 0.1 A), the difference ( A J )  between CH=CH and CH-CH 
coupling constants amounts to about 6.5 H z , [ ~ ~ ]  whereas it van- 
ishes for cyanines (BLA = 0 A), so that optimum BLA (in terms 
of quadratic hyperpolarizability) is expected to correspond to 
AJ values amounting to approximately 3 Hz. The 3JHH values 
determined in CDCI, for push-pull polyenes of series 1-3,a-b 
are collected in Table 4. AJ is found to vary along the polyenic 
chains, suggesting that bond length alternation tends to de- 
crease from the donor to the acceptor end, in agreement with 
AM 1 calculations. Therefore, we calculated the average AJ val- 
ues (TJ). As clearly seen in Table 4, all values were signifi- 
cantly smaller than 6 Hz, indicative of reduced bond length 


Table 4. 'H-'H coupling constants (3JHH) between vicinal protons measured in 
CDCI, along the polyenic chain, and corresponding values (average difference 
in 'A,,, values across adjacent C=C and C-C bonds) for compounds of series 
1-3.a-b. 


~ 


from the donor end to the acceptor end (in Hz) AJ (in Hz) 


14.5, 12.5 
14.8, 11.0, 13.4, 12.7 
15.0, 10.4. 14.1, 12.0, 13.4, 12.8 
nd, nd, nd, 11.6, 14.3, 11.9, 13.5, 12.7 [a] 
14.1, 12.2 
14.7, 10.3, 13.4, 11.7 
14.8. 11.1, 14.0, 10.7, 13.7, 11.2 
14.1, 12.7 
15.1, 10.8, 13.3, 12.7 
nd, nd, 14.2, 11.7, 13.7, 12.7 
nd. nd, nd, 11.6, 14.3, 11.7, 13.6, 12 7 
13.5, 12.5 
14.2, 10.3, 13.2, 12.5 
14.65, 10.7. 14.2, 11.2, 13.0, 12.2 
13.4, 12.9 
14.2, 11.9, 13.2, 13.0 
14.3, 11.5, 13.9, 12.0, 13.5, 13.0 
13.0, 13.0 
12.7, 12.4, 13.0, 12.9 
ins [b] 


2.0 
2.2 
2.4 


1.9 
3.0 
3.2 
1.6 
2.5 


1 .0 
2 3  
2.6 
0.5 
1.2 
1.7 
0 
0.2 
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[a] n d '  no1 determined due to overlap of proton signals. [b] ins: insoluble 


alternation for push-pull polyenes of series 1-3,a-b in chloro- 
form solution. The values ranged from 3 to 0 Hz, depending on 
the donor-acceptor strength as well as on the polyenic chain 
length. In contrast, push-pull polyenals of 1-3c showed much 
more pronounced bond length alternation, an experimental ob- 
servation consistent with the much smaller acceptor strength of 
the aldehyde end group. These results emphasize the validity of 
the approach based upon the use of powerful heterocyclic accep- 
tors that bring some stabilization upon charge separation. In 
each series of homologous push-pull polyenes values in- 
crease with increasing polyenic chain length, in agreement with 
more pronounced bond length alternation. Also, values ap- 
pear to decrease from series 1 to series 2 then 3, in agreement 
with increasing donor strength leading to decreasing bond 
length alternation (as predicted by AM 1 calculations). In par- 
ticular, the piperidinothiophene donor moiety always yields 
weakly alternated systems (due to the weaker loss in aromaticity 
associated with charge separation) when combined with power- 
ful heterocyclic acceptors (series 3a and 3 b). For instance, mol- 
ecules 3 a [2], 3 b[2], and 3 b[3] appear to be close to the cyanine 
limit in CDC1,. 


Effect of solvent polarity: Solvent-dependent NMR studies con- 
ducted on push-pull polyenes 1-3,a-b[2] suggest that the 
ground-state structure can be significantly affected by solvent 
polarity (Table 5 ) .  When the solvent polarity was increased, the 
coupling constants between vicinal protons across C=C bonds 
were found to decrease, whereas the coupling constants across 
C- C bonds were found concomitantly to increase, indicative of 
an increased contribution of the zwitterionic form. As a result, 
AJ values decrease significantly with increasing solvent polarity 
for each compound. 


Results of previous experimental NMR studies have shown 
that the electronic structure of various merocyanine dyes can be 
modulated by solvent polarity, and are consistent with stabiliza- 
tion of the zwitterionic form by polar  solvent^.[^^-^^] Such be- 
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Table 5. Variation of the difference in 'H-'H coupling constants across adjacent 
C-C and C-C bonds in the polyenic chain in solvents of various polarities: AJ 
values in Hz. 


CCI, 2.4 2.5 2 3 ins [a] nd [b] ins 
[D,]dioxane 2.3 2.5 2.0 nd 1 .o nd 
(CD,),CO 2.2 nd 1.8 ins 0.9 ins 
CDCI, 2.0 1.9 1 6  1 .0 0.5 0 
( C D M O  1.8 1.2 1.2 0.8 nd -1.4 


[a] ins: insoluble. [b] nd: not determined due to overlap of proton signals. 


havior can be explained as follows. Polar compounds orientate 
and/or polarize surrounding solvent molecules, thus creating an 
electric reaction field.[44' 451 For polar molecules in polar sol- 
vents, significant reaction fields can be attained[45] that, in turn, 
can polarize the solute molecules. The magnitude of this effect 
is related to the polarizability of the molecule. Since the linear 
polarizability peaks for BLA = 0 8, and drops for highly alter- 
nated  structure^,^^^^ 281 pronounced solvent effects on the struc- 
ture and polarization of push-pull compounds are expected for 
polar molecules with reduced bond length alternation. This 
could be the reason why the structure of the push-pull polyenes 
investigated in the present work exhibits a distinct sensitivity to 
solvent polarity. 


It should be noted that molecule 1 a[2] has smaller AJ values 
than molecule 1 b[2] in apolar or weakly polar solvents (CCI, 
and dioxane), in agreement with the slightly less alternated 
structure predicted by AM 1 calculations for isolated molecules 
of type a as compared to isolated molecules of type b. However, 
molecule 1 a[2] leads to a larger AJ value than molecule 1 b[2] in 
polar solvents (such as DMSO). Actually, derivatives of type b 
have smaller AJ values (even negative in the case of 3b[2] in 
DMSO) than derivatives of type a in polar solvents, indicating 
a more pronounced contribution of the zwitterionic form in the 
case of molecules of type b. This is consistent with the more 
pronounced acceptor strength of b than a revealed by CV mea- 
surements performed in acetonitrile (E, = 36.1), thus leading to 
an increased contribution of the zwitterionic form and conse- 
quently to smaller AJ values. 


Optical properties 
Absorption: The absorption spectra of the push-pull polyenes 
investigated in the present work display intense bands in the 
visible or near-IR region. The wavelengths of the absorption 
maxima (A,,,) measured in various solvents are collected in 
Table 6. All compounds appear to display posilive solva- 
tochromism (in particular molecules of series 1-2). Such a sol- 
vatochromic behavior is characteristic of ICT transitions with 
an increase of the dipole moment upon excitation, and can be 
interpreted in terms of predominance of the neutral form in the 
ground-state structure.[461 The solvatochromic behavior of 
compounds of series 3b cannot easily be investigated, since ma- 
jor solubility problems are encountered in apolar or weakly 
polar solvents, whereas broad bands with poorly defined maxi- 
ma are obtained in polar solvents. In this case, a possible inver- 
sion of solvatochromism (positive solvatochromism followed by 
negative solvatochromism) cannot be excluded, indicative of the 
predominance of the neutral form in apolar solvents and of the 
zwitterionic form in polar solvents. Such behavior is implied by 


Table 6. Absorption solvatochromism of compounds of series 1 -3,a-b: i,,,. 
nm [a]. 


CH DO Et,O AcOEt THF AC AN DMF DMSO 


l a [ l ]  479 486 
la[2] 546 556 
la[3] 561 581 
la[4] 596 601 
la[5] 597 607 
I b [ l ]  575 581 
lb[2] 647 657 
lb[3] ins [b] 721 
l b [ 4 ] i n s  712 
2a[ l ]  493 507 
Za[2] 565 583 
Za[3] 581 614 
2a[4] 613 625 
Za[5] 618 629 
Zb[l] ins 611 
Zb[2] ins 693 
2b[3] ins 753 
2b[4] ins 752 
3a[ l ]  498 508 
3a[2] 582 603 
3a[3] 596 625 
3a[4] 606 633 
3b[l]  ins 611 
3b[2] ins 711 
3b[3] ins 789 
3b[4] ins 769 


486 
556 
580 
ti01 
616 
581 
660 
711 
719 
503 
582 
623 
629 
638 
612 
700 
768 
715 
504 
598 
634 
ti34 
ins 
ins 
ins 
ins 


494 
569 
598 
613 
616 
587 
671 
729 
729 
513 
595 
647 
643 
628 
619 
71 1 
789 
795 
507 
610 
688 
659 
617 
724 
826 
925 


497 
572 
604 
622 
624 
592 
679 
741 
142 
514 
599 
657 
653 
650 
623 
720 
801 
846 
508 
614 
698 
671 
622 
728 
836 
944 


5110 
578 
618 
623 
622 
594 
689 
768 
760 
522 
613 
681 
670 
ti55 
627 
726 
816 
903 
508 
614 
710 
690 
620 
722 
826 
923 


502 
581 
621 
624 
622 
595 
688 
768 
759 
523 
613 
680 
653 
648 
626 
725 
812 
898 
509 
614 
713 
S14 
617 
719 
818 
920 


507 
591 
651 
650 
649 
603 


792 
861 
527 
621 
704 
697 
682 
635 
734 
822 
910 
512 
620 
712 
825 
624 
728 
826 


7114 


513 
598 
665 
669 
662 
609 
709 
805 
886 
533 
629 
716 
720 
694 
628 
717 
825 
912 
514 
622 
724 
832 
626 
728 
826 
940 


[a] CH: cyclohexane; DO: dioxane, AC: acetone; AN: acetonitrile. [b] ins: 
insoluble 


the solvent-dependent NMR experimental data of molecule 
3b[2] (Table 5) .  


In each series of homologous compounds, a bathochromic 
shift as well as a broadening of the main absorption band is 
observed with increasing polyenic chain length, as illustrated in 
Figure 4. The amplitude of this effect depends on the donor-ac- 
ceptor groups, as well as on the solvent polarity (see Table 6). 
Large vinylene shifts are obtained, in particular in polar sol- 
vents. This parallels the behavior observed with merocyanine 
dyes.[47-491 A linear dependence of A,,, on the number n of 
conjugated double bonds in the polyenic chain is observed for 
series 3a and 1-3b in DMSO, with a regular vinylene shift of 
about 100 nm.[49] Therefore, in polar media, these molecules 
exhibit comparable absorption behavior to cyanine dyes.[50] In 
contrast, leveling-off of A,,, is observed for the longest deriva- 
tives in solvents of low polarity. This compares with the classical 
behavior of po lyene~ . [~~]  


Comparison of molecules of similar length from series 1 a, 2 a, 
and 3a (as well as from series lb ,  2b, and 3b) indicates a 
bathochromic shift on moving from the dibutylaminophenyl to 
the julolidine or the piperidinothiophene donor moieties, fol- 
lowing increasing donor strength or decreasing aromaticity. 
Likewise, derivatives of type b always show a marked 
bathochromic shift with respect to derivatives of type a. 


Electrooptical absorption measurements: In order to gain further 
insight into the nature of the ICT transition, we conducted 
electrooptical absorption measurements (EOAM) . EOAMs 
consist in studying the effect of an external electric field E, on 
the absorption of linearly polarized light by a dilute solution of 
c h r o m o p h ~ r e . ~ ~ ~ ~  The EOA spectrum is given by Equation ( 2 ) ,  


(2) 
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a l  
tion on the ground- and excited-state dipoles and polarizabili- 
ties of the solute.[521 For push-pull molecules with significant 
ground-state dipole moments and large photoinduced changes 
of dipole moment, polarizability contributions and terms origi- 
nating from the field dependence of the transition dipole are 
usually small. Hence, both the ground-state dipole moment and 
the photoinduced change of dipole moment (ix., p and Ap val- 
ues) can be d e r i ~ e d . ~ ' ~ , ~ ~ ]  Details of the evaluation are given in 
ref. [54]. Lorentz-type local field corrections were applied as in 
ref. [ 5 3 ] .  The results obtained in dioxane are presented in 
Table 7. 


I 1 n=3 


I 


300 400 500 600 700 800 900 1000 1100 


a (nm) 
Table 7. Dipole moments, absorption, EOAM, and EFISH data for compounda of series 
1-3,a-b. 1.2 i o 5  
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Figure 4. a )  Absorption spectra of molecules of series l a  in chloroform 
b) Absorption spectra of molecules of series 1 b in chloroform. 


where 3 is the wavenumber of the optical field and K~ the ex- 
tinction coefficient of the solute in the presence of the applied 
field E,. 


An example of the optical (J+) and electrooptical ( L K / ~ )  spec- 
tra obtained for compound 1a[l] is shown in Figure 5 .  The 
excellent agreement between the experimental and approximat- 
ed EOA spectra indicates that there is only one intense electronic 
transition contributing in the region of the lowest-energy transi- 
tion. A regression analysis of the EOA spectrum gives informa- 


[a] p values measured in toluene (0.2998 D = 10 - 3 "  Cm). [b] po, value5 determined from 
absorption measurement in dioxane. [c] A p  values derived from EOAM in dioxane. 
[dl p/j(2w) values determined by EFISH at 1.907 vrn in chloroform. [el Absorption maxima 


and corresponding molar extinction coefficients ( K J  measured in chloroform. 
[f] Static &(0) values were derived from pfl(2u1) values by the two-level approximation 
(ref. [lo]). [g] [j,, is the projection of the quadratic hyperpolarizability tensor on the dipole 
moment ( 2 . 6 9 4 4 ~  10-3"esu =lo-" Cm3V-')). [h] From ref. [25].  [i] From ref. [31]. 
[j] From ref. 1191. [k] p values derived from EOAM in dioxane. 
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As can be seen in Table 7, Ap values apparently decrease from 
series 1 to series 2 then 3, in agreement with a shift towards the 
cyanine limit (where Ap vanishes). In particular, molecules 3a[l] 
and 3b[l] show very small Ap values and are most probably very 
close to the cyanine limit in dioxane. It should also be empha- 
sized that lengthening the polyenic chain linking the donor to 
the acceptor end groups results in an increase of both pol and Ap 
values, as well as a decrease of the transition energy as noted 
previously,[24, 251 so that significant enhancement of the 
quadratic hyperpolarizability is expected, based on the two-level 
approximation [see Eq. (I)]. -4 ! I I I I I I-2000 


18000 20000 22000 24000 26000 


5 (cm-') 3 


F i p r e  5 Optical ti,'? and electrooptical LlijO absorption spectra of molecule la[l]  
in dioxane at 298 K .  The figure shows experimental data points for parallel (0) and 
perpendicnlar (0) polarization of the incident light relative to the external applied 
electric field and calculated curves obtained by a general least-squares optimization. 


Optical nonlinearities 
Experimental methodology: The molecular optical quadratic 
nonlinearities of molecules of series 1 -3,a-b wcre investigated 
by performing quadratic Electric-Field-Induced-Second-Har- 
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inonic (EFISH) generation experiments in solution.r55 5 7 1  The 
EFISH experiment allows the determination of the mean micro- 
scopic hyperpolarizability y o  from Equation (3). The first term 


yo  = y(- ~w;w,w,O) +,UP(- 2~0;w,w)/5kT (3) 


is the scalar part of the cubic hyperpolarizability tensor, while 
the second originates from the partial orientation of the ground- 
state dipole p in the static electric field. Usually, for push-pull 
polyenes of similar size, the orientational contribution is as- 
sumed to be the predominant component. It should be borne in 
mind that this approximation may not be strictly valid for very 
long derivatives, since cubic hyperpolarizability is known to 
increase steeply with length.[”] Yet y is predicted to cancel for 
BLA = - 0.05 (when Lp peaks positively) and peaks negatively 
for BLA = 0 - 281 Since for all the molecules investigated in 
the present work, y o  was found to be large and positive, we have 
neglected the electronic contribution to y o .  The scalar product 
p/I(2w)-where /I(2w) (a shorthand notation for p( - 2w;w,w)) 
is the vector part of the quadratic hyperpolarizability tensor- 
was thus directly inferred. 


The results are gathered in Table 7. The experiments were 
carried out at 1.907 pm in chloroform. Compounds 2 b[4] and 
3 b[4] could not be investigated owing to significant absorption 
at 2w (i.e., 953 nm). Table 7 gives the p/I(2w) values and the 
static pLp(0) values calculated from the two-level model, since 
P(2w) values are significantly affected by dispersion enhance- 
ment. The two-level quantum model has proven appropriate to 
describe push-pull stilbenesl’O’ and is used here as an approxi- 
mation to calculate the dispersion enhancement factor [Eq. (4)], 


(4) 


where 3, is the wavelength of the optical field (here 1.907 pm) 
and A,,, the wavelength of the ICT transition. 


/I, values (where /I, is the projection of the quadratic hyperpo- 
larizability tensor on the dipole moment) have been calculated 
by dividing the experimental pLp values (derived from EFISH 
experiments performed in chloroform) by the p values obtained 
from dipole moment measurements carried out in toluene. As a 
result, the Lp, values should be slightly overestimated, since the 
ground-state polarization depends on the external medium and 
is expected to increase with solvent polarity as discussed above. 
Another important point to note is that p and Lp are not neces- 
sarily parallel, an effect that will tend to reduce 0, with respect 
to /I. In particular, significant angles are expected for derivatives 
of type b.[591 


Correlation between structure and hyperpolarizability : As dis- 
cussed previously, calculations predict that for push -pull 
polyenes Lp peaks positively for a fixed BLA value (BLA = 
- 0.05 f 0.01 A, which should correspond approximately to 
AJz3fO.3  Hz) but drops for highly alternated (i.e., BLA = 


fO.l l  A) and cancels for nonalternated structures (BLA = 


0 A). Thus, BLA is expected to influence the quadratic hyperpo- 
larizability strongly. Another factor that should play an impor- 
tant role in determining the magnitude of the quadratic hyper- 
polarizability is the peak amplitude p,,,. Examination of the 
calculations carried out on different push-pull systems suggests 


that /3,,, markedly depends on the donor -acceptor struc- 
ture.[”] 


Effect of end groups: Let us first compare results obtained for 
molecules with the same chain length n. Examination of deriva- 
tives 1a[2], 2a[2], and 3a[2] (as well as lb[2], 2b[2], and 3b[2]) 
bearing the same acceptor but different donors indicates a de- 
crease of the pLp(0) and Lp,(O) values with increasing donor 
strength and decreasing bond length alternation (see Tables 4 
and 7). According to AJ values determined in CDC1, , this be- 
havior is consistent with structures showing relatively small 
bond length alternation in chloroform solution (i.e., -0.05 A <  
BLA I 0 A) and shifting to the right of the positive [I peak with 
increasing donor strength (Figure 1). For this particular size, 
the weakest donor, dibutylarninophenyl, leads to the largest 
quadratic nonlinearities. On the other hand, when considering 
the longer analogues 1b[3], 2b[3], and 3b[3] (or 1a[3], 2a[3], 
and 3a[3]), it appears that the pLp(0) valuesfirst increase then 
decrease with increasing donor strength. For molecules corre- 
sponding to n = 3, the intermediate julolidine donor leads to the 
largest nonlinearities (see comparison of molecules 1 a[3], 2 a[3] 
and 3a[3] or I b[3], 2b[3] and 3b[3]). The piperidinothiophene 
donor appears to be too strong when associated with the power- 
ful heterocyclic acceptors, so that it always induces a smaller 
BLA. The position of Lp so far to the right of the positive /I peak 
explains why compound 3a[n] (or 3b[n]) yields a smaller p/I(0) 
value than analogous compounds 1 a[n] and 2a[n] (or 1 b[n] and 
2 b[nI 1. 


As will be noted from Table 7, derivatives of type b always 
show superior nonlinearity to the corresponding molecules of 
type a. In addition, close examination reveals that molecules 
with acceptor b have larger p,,, values. For instance, molecules 
1a[2] and lb[2] display similar AJ values in chloroform. Yet 
compound 1 b[2] yields a Lp,(O) value twice as large as that of 
compound 1 a[2]. Also, molecule 2a[2] seems closer to the opti- 
mum BLA (according to AJvalues) than compound 2 b[2]. Nev- 
ertheless, the larger pp(0) value is obtained for the less optimized 
structure. Such behavior indicates that /I peaks at a greater value 
for the derivative of type b than for the derivative of type a. This 
phenomenon is also observed when considering molecules in 
which n = 3. Compounds 2a[3] and 2b[3] display similar 
values in chloroform, whereas the ,@(O) product is larger for the 
type b derivative. Likewise, compounds 3 a[3] and 3 b[3] display 
equal nonlinearity. Yet 3 b[3] is closer to the cyanine limit. Final- 
ly, molecule 1 b[4] shows an unprecedented nonlinearity, almost 
3 times that of 1 a[4], indicative of a huge /I,,, value. Thus, all 
the results indicate that derivatives of type b display much 
higher /I,,, values than molecules of type a. 


Length effect: As the entries in Table 7 demonstrate, for each 
series of homologous compounds lengthening the polyenic 
chain results in steep increases in both p/I ,  p[1’(0), and /I,(O) 
values. This leads to particularly large p/I and pB(0) values for 
the longest molecules, which suit such molecules for use as 
guests in poled-polymer films. For instance, the p/I value for 
molecule 1 b[4] is 100 times that of DANS,[”I a common bench- 
mark for quadratic effects. Molecule 1 b[3] has been shown to 
lead to a poled polymer with a very large electrooptic coeffi- 
~ i e n t . [ ~ ’ ]  
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Figure 6. a) Plot of the &(O) values versus the 
number n of double bonds in the polyenic chain 
for scries 1 a (0) and 1 b (ej; all pfl(0) values are 
expressed in esu; b) as for Figure 621 for 
seriesZa(o)andZb(.);c) asforFigure 6a for 
series 3a (A) and 3b (A). 


The enhancement 
of pp(0 )  as a function 
of the number n of 
double bonds in the 
polyenic chain is 
shown in Figure 6a 
for series 1 a-b, Fig- 
ure 6 b  for series 
2 a - b, and Figure 6 c 
for series 3a-b. 
The semilogarithmic 
plots indicate expo- 
nential dependencies 
of pP(0) on n.1601 Ex- 
ponential dependen- 
cies of p,,(O) on n are 
also obtained for sc- 
ries 1 a-b. The steep 
length dependencies 
can be analyzed in 
terms of combined 
effects of variation of 
/I,,, and BLA as a 
function of polyenic 
chain length. Recent 
semiempirical calcu- 
lations carried out on 
a series of pushbpull 
polyenes of increas- 
ing length show that 
all compounds dis- 


play p versus BLA plots of similar shape but different magni- 
tude. In particular, the peak magnitude ( lpmax1)  increases dra- 
matically with conjugation length.1291 However, experimentally, 
the dependence of p on length will also be governed by the 
dependence of the BLA value of molecules with a constant 
donor and acceptor on the length. An important factor is the 
BLA value for the shortest D-A molecule in a series. For in- 
stance, for push-pull polyenes in which the neutral resonance 
form predominates in the ground state (i.e., with negative 
BLA), such as those investigated in the present work, IBLAl 
tends to increase with increasing polyenic chain length (BLA 
becomes more negative) owing to the increased contribution of 
the neutral form in the ground state. If the BLA of the 
generic compound is in the range - 0.05 < BLA < 0 A, then an 
increase in the length can move it either closer to the optimal 
BLA value (i.e., -0.05 A) or past it, depending on how BLA is 
affected by increasing chain length. In the first case, a steep 
increase of p(0) will be observed because of both the increase in 
/ I m a x  and the shift of BLA values closer to optimal BLA. Exper- 
imentally, B(0) will then rise faster than [jmaX. In contrast, in the 
second case (when the generic compound falls in the range 
-- 0.1 1 < BLA < - 0.05 A), p(0) will rise more slowly than j,,,. 
The steep length plots observed for vinylogous molecules of 
series 1-3,a-b are most likely of the first type since, according 
to values, the shortest generic compounds have BLA values 
in the region -O.Os<BLA<O& while BLA shifts towards 
optimum BLA value with increasing polyenic chain length 
(1 5 n 1 4 ) .  


Conclusion 


The design of push-pull polyenes combining aromatic donor 
groups with powerful heterocyclic acceptors that induce stabi- 
lization upon charge separation has proven an effective strategy 
for approaching the optimum BLA required for maximum 
quadratic hyperpolarizability. In addition, it has been shown 
experimentally for the first time that the maximum p value de- 
pends heavily on the structure of the end groups. In particular, 
the 3-(dicyanomethylidenyl)-2,3-dihydrobenzothiophene-2-yli- 
denyl-I ,1-dioxide acceptor was found to induce sharply en- 
hanced quadratic nonlinearities. Hence, molecule 1 b[4] shows a 
huge p,,(O) value of 1500 x 


In each series of homologous molecules of increasing length, 
increasing polyenic chain length enhances quadratic optical 
nonlinearities exponentially. Thus polyenic chromophores in 
which the dibutylaminophenyl donor and the 3-(di- 
cyanomethylidenyl)-2,3-dihydrobenzothiophene-2-y~idenyl-l, 1 - 
dioxide acceptor are combined display excellent optical 
quadratic nonlinearities (with pP values as large as 100 times 
that of DANS) as well as satisfactory solubility. These combined 
properties are of particular interest for incorporation as NLO 
active guests in poled-polymer  system^.'^ 'I Further efforts to- 
wards an improved efficiency -stability trade-off are in pro- 
gress. 


esu. 


Experimental procedure 
General: All the chemicals and the solvents used in the synthesis were of the 
highest commercially available quality. Purification by column chromatogra- 
phy was performed on Merck 60 silica gel (0.040-0.063 mm). NMR spectra 
were recorded with Bruker AM 200 SY, AM 400 SY, or AM 500 SY apparatus. 
Elemental analyses were performed by the Service Regional de Microanaly- 
ses, Paris (France). Mass spectra were recorded at the Ecole Normale Su- 
perieure, Paris (France) under chemical ionization conditions. Fast atom 
bombardment (FAB) mass spectra were recorded by the mass spectrometry 
facility of University of California at Riverside. Melting points were mea- 
sured by differential scanning calorimetry with a Perkin-Elmer DSC 7 mi- 
crocalorimeter. The DSC records were obtained at 20"Cmin-' in air in a 
sealed pan. 


Cyclic voltammetry was performed by means of a classical three-electrode cell 
working under argon, with 1 0 - 3 ~  solutions of chromophores in distilled 
acetonitrile in tetrabutylammonium tetrafluoroborate 0.3 M as the supporting 
electrolyte. The cyclic voltammograms were recorded at 500 mVs-' with a 
platinum working electrode (diameter 0.5 mm) and a saturated calomel elec- 
trode (SCE) as the reference electrode. E o  values were determined with 
platinum ultramicroelectrodes (diameter 10 pm) in a stationary regime at 
20mVs .'. The number of electrons involved in each redox process was 
measured with ferrocene as an internal reference.'6'1 


The ground-state dipole moments were determined by means of a cylindrical 
dipole meter and a 1689M Digibridge GENRAD capacitance bridge. The 
measurements were carried out in dry toluene. The experimental error 
amounts to less than 5% 


The electronic absorption spectra were recorded with a Beckman DU600, 
DU 7400, or a Perkin-Elmer 340 spectrophotometer. The solvatochromic 
behavior was investigated in analytical grade solvents. The molar decadic 
extinction coefficients K were obtained according to the Lambert-Beer equa- 
tion. The transition dipoles pol were determined by numerical integration of 
the absorption bands as defined in refs. [62,63], with the inclusion of a 
Lorentz local field correction. EOAM measurements were performed at 
T = 298 K in dioxane carefully purified and dried by column chromdtogra- 
phy on basic alumina followed by distillation over sodium/potassium alloy 
under argon. The experimental error range is 1-5%. The electrooptical 
absorption device is described in ref. [64]. 
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EFISH measurements were conducted with a Q-switched Nd3+ :YAG laser 
that emitted pulses of ahout 8 ns duration at 1.064 pm. This emission was 
shifted to 1.907 pm by a hydrogen Raman cell at 40 bar. These experiments 
were performed with solutions of increasing concentration in chloroform for 
each molecule. The measurements were calibrated relative to a quartz wedge. 
For the quartz reference, the experimental value of the quadratic susceptibil- 
ity d , ,  =1.2x 10-l' esu determined at 1.06pm was used. To account for 
dispersion, this value is extrapolated to d,, = 1.1 x esu at 1.91 pm. The 
cubic contribution to the EFISH signal was neglected. The experimental 
accuracy range is 5 -  10%. 


General procedure for the synthesis of derivatives 1-3a: 1,3-diethyl-2-thiobar- 
bituric acid (200 mg, 1 mmol) was dissolved in refluxing absolute ethanol 
(50 mL). An aldehyde of series 1-3c (1 mmol) was added and the solution 
was then allowed to cool to room temperature and stirred for 6 h while 
protected from light and moisture. A dark suspension was obtained. The 
crude condensation product was collected by filtration followed by rinsing 
with ethanol, ether, and pentane. If necessary, the product was purified by 
column chromatography (eluting with methylene chloride), then crystallized 
in a CH,CI,/EtOH mixture. 


Compound la[ l ] :  Yield 89%; 'HNMR (200 MHz, CDCl,, 25"C, TMS): 
b = 8.41 (d, ,J(H, H) =7.6 Hz, 2H), 8.40 (s, 1 H), 6.67 (d, ,.1(H,H) = 9.4 Hz, 
2H), 4.60 (2q, 'J(H,H) =7.0Hz. 4H), 3.41 (t. 'J(H,H) =7.5 Hz, 4H), 
1.52-1.71 (m,4H), 1.28-1.47(m, IOH), 0.98 (t, ,J(H,H) =7.1 Hz, 6H); MS 
(CI, NH,): mjz: 416 [M+H+];  C,,H,,N,O,S (415.6): calcd C 66.47, H 8.00, 
N 10.11; found C 66.65, H 8.11, N 10.19. 


Compound 1a[2]: Yield 96%; 'HNMR (200MHz, CDCl,, 2 5 ° C  TMS): 
6=8.45  (dd, 'J(H,H)=14.3, 12.6Hz, l H ) ,  8.20 (d, ,J(H,H)=12,5Hz, 
1H),7.60(d,3J(H,H)=9.0Hz,2H),7.44(d,3J(H,H)=14.6Hz, lH) ,6 .63 
(d,3J(H.H)=9.0H~,2H),4.56,4.57(2q,3J(H,H)=6.9Hz,4H),3.38(t, 
,J(H,H) =7.5 Hz, 4H),  1.55-1.66 (m, 4H), 1.26-1.44 (m, IOH), 0.98 (1, 
'J(H,H) =7.1 Hz, 6H); MS (CI, NH,): mjz: 442 [M+H+];  C,,H,,N,O,S 
(441.6): calcd C 67.99, H 7.99, N 9.51; found C 67.97, H 8.07, N 9.41. 


Compound 1a[3]: Yield 68%; 'HNMR (400 MHz, CDCI,, 25"C, TMS): 
6=8.13(d,3J(H,H)=12.7H~,1H),8.03(t,3J(H,H)=13.0Hz,1H),7.40 
(d, 'J(H,H)=8.8H~.2H),7.3S(dd,~J(H,H)=13.4, lI.OHz, IH),7.06(d,  
,J(H,H)=l4.65Hz, lH) ,  6.95 (dd, .I=14.9, ll.OHz, l H ) ,  6.62 (d, 
,J(H,H) = 9.3 Hz, 2H), 4.57, 4.55 (2q, ,J(H,H) = 6.9 Hz, 4H), 3.34 (t, 
,J(H,H) =7.8 Hz, 4H),  1.60 (m, 4H). 1.27-1.42 (m, IOH), 0.97 (t, 
,J(H.H) =7.3 Hz, 6H); MS (CI, NH,): mjz: 468 [ M t H ' ] ;  C,,H,,N,O,S 
(467.7): calcd C 69.34, H 7.98, N 8.98; found C 69.14, H 7.99, N 9.06. 


Compound la[4]: Yield 82%; 'HNMR (400 MHz, CDCl,, 25 "C, TMS): 
6 = 8 . 0 9 ( d ,  3J (H,H)=12.8H~,  IH) ,  7.99(t, 'J(H,H)=13.4Hz, I H ) ,  7.35 
(d, 'J(H,H) = 8.6 Hz, 2H), 7.25 (dd, 'J(H,H) = 13.4,ll.X Hz, 1 H),  6.96 (dd, 
,J=14.2, 10.4Hz, I H ) ,  6.87 (d, ,J(H,H)=15,0Hz, I H ) .  6.76-6.82 (m, 
l H ) ,  6.60 (d, ,J(H,H)=9.1Hz, 2H), 6.57 (dd, ,J(H,H)=13.9, 12.3Hz, 
1 H), 4.54 (q, ,J(H,H) =7.0 Hz, 4H), 3.32 (t, 3J(H,H) =7.5 Hz, 4H), 1.59 (q, 
,J(H,H) =7.5 Hz, 4H), 1.36 (sext, ,J(H,H) =7.S Hz, 4H) ,  1.27-1.32 (t. 
,J(H,H) = 6.5 Hz, 6H). 0.96 (t, 'J(H,H) =7.5 Hz, 6H); MS (CI, NH,): m/z :  
494 [ M + H + ] ;  C,,H,,N,O,S (493.7): calcd C 70.55, H 7.96, N 8.51; found 
C 70.45, H 8.29, N 8.61. 


Compound Ia[S]: Yield 43%; 'HNMR (400 MHz, CDCI,, 25"C, TMS): 
6 = 8 . 0 8 ( d ,  ,J(H,H)=12.7Hz, IH),7.99(t, ,J(H,H)=13.5, 12.8Hz. IH) ,  
7.31(d,3J(H,H)=8.9H~,2H),7.22(dd,3J(H,H)=13.5,12.0Hz,1H),6.88 
(dd, 'J=14.25, 11.6Hz. IH) ,  6.77 (m, l H ) ,  6.72 (m. 2H), 6.59 (d, 
,J(H,H) = 8.8 Hz, 2H), 6.55 (dd, ,J(H,H) =14.3, 11.9 Hz. 1 H), 6.44 (t, 
,J(H,H) =12.6, 12.38 Hz, I H ) ,  4.54 (q, ,J(H,H) = 6.9Hz, 4H), 3.30 (t, 
,J(H,H) =7.5 Hz, 4H), 3.58 (m. 4H),  1.27 (m, IOH), 0.96 (t. ,J(H,H) = 


7.2 Hz, 6H); C,,H,,N,O,S (519.75): calcd C 71.64, H 7.95, N 8.08; found 
C 71.62, H 7.93, N 8.02. 


Compound 2a[l]: Yield 97%; 'HNMR (200 MHz, CDCI,, 25"C, TMS): 
b = 8.28 (s, 1 H), 8.06 (brs, 2H),  4.61, 4.58 (2q, 'J(H,H) =7.0 Hz, 4H),  3.40 
(t, 'J(H,H) = 5.8 Hz. 4H), 2.79 (t. ,.J(H,H) = 6.0Hz, 4H) ,  1.99 (quint, 


NH,): mjz: 386 [M+H+];  C,,H,,N,O,S (383.5): calcd C 65.77, H 6.57, N 
10.96; found C 65.88, H 6.53, N 10.89. 


,J(H,H) = 6.0Hz. 4H), 1.33, 1.31 (2t, 3.1(H,H) =7.0Hz, 6H); MS (CI, 


Compound Za[2]: Yield 98%; 'HNMR (200MHz. CDCI,, 25"C, TMS): 
6=8.40  (dd, 'J(H,H)=14.1. 12.9Hz. l H ) ,  8.17 (d, ,J(H,H)=12.7Hz, 
IH) ,  7.37 (d, 'J(H,H) =14.3 Hz, IH) ,  7.23 (hrs, 2H),  4.51-4.64 (2q. 4H), 
3.35 (t, ,J(H.H) = 5.7 Hz, 4H), 2.75 (t. ,J(H,H) = 6.1 Hz. 4H) ,  1.97 (quint, 
,J(H,H) = 5.9 Hz, 4H),  1.33, 1.30 (2t, 3J(H,H) = 6.9 Hz, 6H) ;  MS (CI, 
NH,): mjz: 410 [M+Hf] ;  C,,H,,N,O,S (409.5): calcd C 67.45, H 6.65, N 
10.26; found C 67.50, H 6.68, N 10.18. 


Compound 2a[3]: Yield 86%; 'HNMR (400MHz, CDCI,, 25'C, TMS): 
6 = 8.11 (d, ,J(H,H) =12.7 Hz. I H ) ,  8.01 (app. t, ,J(H,H) =13.2 Hz. 1 H) ,  
7.33 (dd, 'J(H.H)=13.4, 11.0Hz. l H ) ,  7.01 (brs, 2H). 7.00 (d, 
'J(H,H)=15.1Hz, I H ) ,  6.92 (dd, 'J(H,H)=lS.l. 10.7Hz. 1H),  4.56, 
4.55 (2q, 3J(H.H) ~ 7 . 0  Hz, 4H), 3.30 (t, ,J(H,H) = 5.6 Hz, 4H), 2.74 
(t, 3J(H,H) = 6.3 Hz, 4H). 1.97 (quint, 'J(H,H) = 6.0 Hz, 4H). 1.31, 1.29 
(2t,  'J(H,H) = 6.8Hz, 6H); MS (CI. NH,): mjz:  436 [M+H+];  
C,,H,,N,O,S (435.6): calcd C 68.94, H 6.71, N 9.65; found C 68.94, H 6.76. 
N 9.53. 


Compound 2a[4]: Yield 89%; 'HNMR (400 MHz, CDCI,, 25 'C, TMS): 


I H ) ,  7.25 (dd, ,J(H,H)=13.7, 11.7Hz, l H ) ,  6.97 (brs, 2H),  6.96 (ddd, 
,.1(H,H) =14.5. 11.5, 3.0 Hz. 1 H), 6.76 (m, 2H),  6.55 (dd, ,J(H,H) =14.2, 


5.6 Hz, 4H), 2.74 (t, ,J(H,H) = 6.3 Ha, 4H). 1.96 (quint, ,J(H.H) = 6.0 Hz. 
4H), 1.31, 1.29 (2t, ,J(H,H) = 6.8 Hz, 6H);  MS (CI, NH,): m / z :  462 
[ M + H + ] ;  C,,H,,N,O,S +O.lCH,Cl,: Cakd C 69.13. H 6.68. N 8.92; 
found C 69.14, H 6.71, N 8.99. 


6 ~ 8 . 0 9  (d, ,J(H,H)=12.7Hz, IH) ,  7.98 (dd, 'J(H,H)=13.7, 12.7Hz, 


11.7 Hz, 1 H), 4.54, 4.53 (2q, 'J(H,H) =7.0 Hz, 4H), 3.26 (t, 'J(H,H) = 


Compound Za[5]: Yield 82%; 'HNMR (400MHz, CDCI,. 25°C. TMS): 
b=8.07  (d, ,J(H,H)=12.7Hz, I H ) ,  7.99 (dd, ,J(H,H)=13.5, 12.8Hz, 
I H ) ,  7.22 (dd, ,J(H,H)=13.6, 11.8Hz, l H ) ,  6.92 (hrs. 2H). 6.88 (dd, 
'J(H,H)=14.3, 11.6Hz. I H ) ,  6.74 (m, I H ) ,  6.68 (m, 2H) ,  6.54 (dd, 
,J(H,H)=14.3, 11.7Hz, 1H),6.42(dd,3J(H,H)=13.3, 11.7Hz, lH),4.55 
(4. ,J(H,H) =7.0 Hz, 4H),  3.24 (t. ,J(H,H) = 5.6 Hz, 4H). 2.76 (t ,  
'J(H,H) = 6.3 Hz, 4H),  1.99 (quint, 4H),  1.33 (t, 6H) ;  C29H33NJ02S 
+O.OXSCH,Cl,: calcd C 70.51, H 6.75, N 8.48; found C 70.51, H 6.78, N 
8.21. 


Compound 3a[l]: Yield 95%; 'HNMR (200 MHz, CDCI,, 25 "C, TMS): 
[ ~ = 8 . 2 9 ( ~ , 1 H ) , 7 . 6 5 ( d , ~ J f H , H ) = S . l  H ~ , l H ) , 6 . 4 l ( d , ~ J ( H , H ) = 5 . 1  Hz, 
1H),4.59(q,3.~(H,H)=7.0Hz,4H),3.64(brt,4H),1.77(m,6H),1.33,1.31 
(2t, 'J(H,H) = 6.9Hz. 6H); MS (CI, NH,): mjz: 378 [ M + H t ] ;  
CI8H,,N,O,S, (377.5): calcd C 57.27, H 6.14, N 11.13; found C 57.40, H 
6.36. N 11.07. 


Compound 3a[2]: Yield 66%; 'HNMR (500MHz, CDCI,, 25°C. TMS): 
6=8.05(d ,  ' . /(H,H)=I2.9Hz,lH),7.96(app. t, 3J(H,H)=13.1Hz, I H ) .  
7.48(d,3J(H,H)=13.4Hz,1H),7.35(brd,3J(H,H)=4.6Hz,1H),6.20(d, 


,J(H,H) = 5.0 Hz, 4H), 1.74 (m, 6H), 1.32, 1.29 (2t,  'J(H,H) = 6.9 Hz, 
6H); MS (CI, NH,): mjz:  404 [M+H+];  C,,H,,N,O,S, (403.6): calcd C 
59.53, H 6.24, N 10.41; found C 59.44, H 6.49, N 10.21. 


Compound 3a[3]: Yield 68%; 'HNMR (SOOMHz, CDCl,, 25"C, TMS): 


'J(H,H) = 4.7 Hz. IH),  4.58, 4.56 (2q, ,J(H,H) = 6.85 Hz, 4H), 3.49 (t, 


6=8.05(d ,3J(H,H)=13.0H~,  IH),7.96(t ,  3J(H,H)=13.2Hz, l H ) ,  7.27 
(dd, ,J(H,H) = 13.2, 32.0 Hz, 1 H). 7.17 (d, ,J(H,H) = 14.2 Hz, 1 H), 7.1 1 (d, 
,J(H,H)=4.4Hz, 1H), 6.50 (dd, 'J(H,H)=14.1, 11.8Hz, 1H).  6.07 (d, 
,J(H,H) = 4.4 Hz, IH) ,  4.56 (2q, ,J(H,H) = 6.9 Hz, 4H) ,  3.39 (t, 
,J(H,H) = 5.5 Hz, 4H), 1.74 (quint, ,J(H,H) = 5.3 Hz, 4H),  1.69 (m. 2H),  
1.31. 1.29 (2t,  'J(H,H) =7.0Hz, 6H); MS (CI, NH,): mjz: 430 [ M + H + ] ;  
C,,H,,N3O,S,(429.6):calcdC61.51, H6.33,N 9.78;foundC61.51.H 6.40. 
N 9.68. 


Compound 3a[4]: Yield 66%; 'HNMR (500 MHz, CDCI,. 25'.C, TMS): 
6 = 8 . 0 6 ( d ,  'J(H,H)=l3,0Hz, lH).7.96(t ,  3J(H,H)=13.0Hz, 1H),7.22 
(dd, 'J(H,H) =13.5, 12.0Hz, 1H),  6.94 (brd, I H ) ,  6.93 (d. 'J(H,H) = 
14.2 Hz, I H ) ,  6.90 (dd, 'J(H,H) =13.9, 11.5 Hz, I H), 6.50 (dd, 
'J(H,H)=13.85, 12.05Hz, IH) ,  6.36 (dd, ,J(H,H) =14.5, 11.5Hz, 1H).  
5.98 (d, 'J(H,H) = 4.2 Hz, 1 H) ,  4.54 (q, ,J(H,H) = 6.8 Hz, 4H),  3.30 (t, 
'J(H,H) = 5.5 Hz, 4H), 1.72 (m, 4H). 1.64 (m. 2H), 1.30, 1.29 (2t, 
,J(H,H) =7.0 Hz, 6H);  C,,H,,N,O,S, (455.6): calcd C 63.27. H 6.42, N 
9.22; found C 63.20, H 6.63, N 8.90. 
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General procedure for the synthesis of derivatives 1 -3b: 3-(dicyano- 
metliylidenyl)-2,3-dihydrobenzothiophene-2-ylidenyl-l,l-dioxide (1 15 mg. 
0.5 mmol) was dissolved in refluxing absolute ethanol (100 mL). An aldehyde 
of series 1-3c (0.5 mmol) was added, and the solution was then allowed to 
cool to room temperature and stirred for 6 h protected from light and mois- 
ture. A dark suspension was obtained. The crude condensation product was 
col1r:cted by filtration, followed by rinsing with ethanol, ether, and pentane. 
The product was either obtained pure or purified by column chromatography 
(eluting with inethylene chloride). then crystallized in a CH,CI,/EtOH mix- 
ture. 


Compound lb[l]: Yield 69%; ' H N M R  (200 MHz. CDCI,, 25"C,  TMS): 
6=8.80( in , lH) ,8 .33(~ ,  lH),7.90-8.0O(m,3H).7.75-7.85(m,2H),6.74 
(d, 'J(H,H) = 9.0 Hz, 2H), 3.45 (t. 'J(H,H) =7.5 Hz, 4H) ,  2.60 1.75 (m, 
4H) ,  1.30-1.50 (m, 4H). 1.00 (t, 'J(H,H) =7.1 Hz, 6H);  MS (C1, NH,): 
nijr: 446 [ M + H ' ) ;  C,,H,,N,O,S (445.6): calcd C 70.10. H 6.10, N 9.40; 
found C 69.91, H 6.22, N 9.40. 


Compound lb[2]: Yield 75%; 'HNMR (200MHz. CDCl,, 25"C, TMS): 
6=8.80-8.90 (in, IH) ,  8.61 (d, , J (H,H)=l2.2Hz,  IH) ,  7.90-8.00 (m, 
1 HI, 7.70-7.83 (m. 2H), 7.60 (dd, '..I(H,H) ~ 1 4 . 0 ,  12.3 Hz, 1 H), 7.59 (d, 


8.9 Hz. ZH), 3.41 (t, 'J(H,H) =7.4Hz, 4H) ,  1.54-1.73 (m, 4H). 1.30 1.50 
(m, 4H) ,  0.99 (t, 'J(H,H) =7.2 Hz, 6H): MS (CI, NH,): m:z: 472 [ M + H + ] ;  
C,,H2,N,0,S (471.6): calcd C 71.31. H 6.20, N 8.91; found C 70.98, H 6.13, 
N 8.90. 


3J(H.H)=8.8H~,2H),7.35(d,3J(H,H)=14.1 Hz, lH),6.87(d, ' J (H,H)= 


Compound 1b[3]: Yield 82%;  ' H N M R  (400MHz, CDCI,, 25"C, TMS): 
b=8 .84  (d, ' J ( H , H ) = ~ . ~ H z ,  1H). 8.52 (d, ,J(H.H)=11,7Hz, I H ) ,  
7.93- 7.95 (m. 1 H), 7.75-7.81 (m, 2H). 7.44 (d, 'J(H,H) = 8.8 Hz. 2H),  
7.33 (dd, ,J(H,H)=13.7, 11.0H2, 1H).  7.28 (dd, ,J(H,H)=13.2, 10.3Hz, 
I H ) ,  7.12 (d. .'.I(H,H)=14.7Hz, I H ) ,  7.01 (dd, 'J(H,H)=14.7, 10.3Hz. 
1 H ) .  6.63 (d, 'J(H,H)=X.XHz, ZH), 3.37 (t. , J ( H , H ) = ~ . ~ H L ,  4H).  
1.62 (quint, ,J(H,H) =7.5 Hz, 4H), 1.38 (sext, 'J(H,H) =7.3 Hz, 4H),  
0.98 (t, ,J(H.H) =7.3 Hz. 6H) ;  MS (CI, NH,): mjz: 498 [ M + H t ] ;  
C,,H,,N,O,S +0.08CH,CI2: calcd C 71.54, H 6.22, N 8.32; found C 71.54, 
H 6.16. N 8.39. 


Compound 1h[4]: Yicld 97%; 'HNMR (400 MHz, CDCI,, 25"C, TMS): 
6 = 8 . 8 3 ( d ,  3.1(H.H)=7.3Hz. 1H) ,8 .48 (d ,  'J(H,H)=11,2Hz, 1H),7.94 
(d. .'.I(H.H) =7.6 Ha, 3 H) ,  7.75 7.82 (m, 2H), 7.3X (d,  ,J(H,H) = 8.8 Hz, 
2H). 7.22-7.30 (m, 2H) ,  7.02 (dd, 'J(1l.H) =13.9, 11.0Hz. l H ) ,  6.92 (d,  
' J ( H , H ) = I 5 . 1 H ~ . l H ) , 6 . 8 3 ( d d ,  './(HHH)=14.6, 11 .2Hz , lH) ,6 .64 (dd .  
'J(H.H)=14.2. 10.7H2, I H ) ,  6.60 (d, 3 J (H ,H)=8 .8Hz ,  2H),  3.33 (t, 
'J(H,H) =7.6 Hz, 4H) .  1.53-1.64 (in, 'J(H.H) =7.3 Hz. 4H),  3.39 (sext, 
,J(H.H) =7.3 Hz, 4H). 0.97 (t, ,J(H,H) =7.3 Hz, 6H) ;  MS (CI, NH,): m / z :  


524 lM+H' l ;  C,,H,,N,02S (523.7): calcd C 73.39, H 6.35, N 8.02; found: 
C 73.26, H 6.19. N 8.01. 


Compound 2b[l]: Yield 88%; ' H N M R  (200MHz, CDCI,, 25"C, TMS): 
i~=X.79(m. IH) ,8 .21  (s , IH),7.92(m,1H),7.61 (brs,2H),7.70-7.85(m, 
2H) .  3.45 (t. 'J(H.13) = 5.9 Hz, 4H). 2.81 (t. ,J(H,H) = 6.1 Hz, 4H). 2.00 
(quint, 'J(H,H) = 5.6Hz, 4H) ;  MS (C1, NH,): m/z:  414 [ M + H + ] ;  
CI,Hl,N,O,S +0.2CH2CI,: calcd C 67.00. H 4.52, N 9.67; found C 67.04, 
H 4.58, N 9.58. 


Compound 2b[2]: Yicld 97%;  ' H N M R  (200 MHz, CDCI,, 25"C,  TMS): 
6 = 8.83-8.87 (in. 1H).  8.59 (d, 3J(H,H) =12.5 Hz. 1 H) ,  7.90-7.95 (m, 
1 H).  7.73 7.78 (m. 2H).  7.54 (dd, 'J(H,H) =13.5, 12.5 Hz, I H ) ,  7.27 (d. 
'J(H,H) =13.5 HL, I H ) ,  7.21 (brs, 2H).  3.42 (t. '.I(H,H) = 5.7 Ha, 4H) ,  
2.77(t, 'J(H,H) = 6.2Hz,4H).2.00(quint, ,J(H.H) = 5.2 Hz,4H);MS(CI,  
NH,): u7:z: 440 [ M + H  '1; C,,H,,N,O,S +0.06CH,C12: calcd C 70.37, H 
4.79. N 9.44; found C 70.37, H 4.79, N 9.35. 


Compound 2b[3]: Yield 73%; ' H N M R  (400 MHz, CDCI,, 25 C, TMS): 
d = 8.84 (d. ".I(H.H) = 8.8 Hz, 1 H), 8.51 (d, 'J(H,H) = 12.2 Hz, 1 H). 7.90- 
7.94 (m. I H ) ,  7.73 ~ 7 . 7 8  (m. 2H),  7.32 (dd, "J(H,H) =13.2, 10.3 Hz, 1H).  
7.24 (app. t, 'J(H,H) =13Hz,  1 1 ~ ) .  7.08 (brs, 2H),  7.06 (d, 'J(H,H) = 
14.2 Hz. 1 H). 6.Y7 -7.07 (in, 1 H),  3.36 (t, ,J(H,H) = 5.6 Hz, 4H) ,  2.75 (t. 
'..I(H.H) = 6.3 Hr, J H ) ,  1 98 (quinl. 'J(H,H) = 6 Hz, 4H) ;  MS (CI, NH,): 
?.: 466 [ M + H  ' 1 :  C,8H,jN,02S (465.6): calcd C 72.24, H 4.98, N 9.03; 
found C 72.09. 1-1 4.73, N 9.19. 


Compound 2h[4]: Yield 97%; ' H N M R  (400 MHz, CDCI,, 25°C. TMS): 
6 = 8.83 (m. l H ) ,  8 .47(mXofABX, 1 H), 7.94(m, 1H).  7.78 (m. 2H),  7.23 
(m A B  of ABX, 1 H), 7.035 (dd, ,J(H.H) = 14.2, 10.7 Hz, 3 H), 7.005 (brs, 
2H),  6.88 (d, 'J(H,H) =14.65 Hz, l H ) ,  6.81 (dd, 'J(H,H) =14.65, 10.7 Hz. 
1H),6.62(app.ddd,3J(H,H)=14.2,11.2,3.0H~,1H),3.30(t,3J(H,H)= 
5.9 Hz, 4H) ,  2.74 (t, ,J(H,H) = 6.3 Hz, 4H) .  1.97 (quint, ,J(H,H) = 6.0 Hz. 
4 H ) ;  MS (CI, NH,): m/z :  492 [ M + H + ] ;  C30H,,N,0,S (491.6): calcd C 
73.30, H 5.13, N 8 .55;  found C 73.30, H 4.93, N 8.47. 


Compound 3b[l]: Yield 71 YO; ' H N M R  (200 MHz, CDCI,, 25"C. TMS): 
6 = 8.83 (m. l H ) ,  8.66 (brs, l H ) ,  7.88 (m, IH) .  7.70-7.76 (m, 2H). 7.60 
(brd,  1H),6.42(brd,1H),3.67(brt,4H),l.81(m,6H);MS(CI,NH,):m/;: 
408[M+Hi]:C,,H,,NjO,S,(407.5):calcdC61.90,H4.20.N 10.31;found 
C 61.68, H 4.24, N 10.24. 


Compound 3b[2]: Yicld 83%; 'HNMR (200 MHz, CDCI,, 25 'C, TMS): 
6 = 8.84 (m. 1 H),  8.48 (d, ,J(H,H) = 13.0 Hz, 1 H), 7.88 (m, 1 H), 7.66-7.75 
(m, 2H) ,  7.46, 7.45 (b rd+d ,  'J(H,H) =13.0Hz, 2H) ,  6.99 (brt .  ,J(H,H) = 
13.0 Hz, 1 H), 6.35 (d. '.I(H,H) = 4.9 Hz, 1 H), 3.61 (t. 'J(H.H) = 5.4 Hz, 
4H) .  1.80 (m, 6H);  MS (CI, NH,): mi.: 434 [ M + H + ] ;  C,,H,,N,OZS, 
(433.5): calcd C 63.72, H 4.42, N 9.69; found C 63.33, H 4.39. N 9.66. 


Compound 3h[3]: Yicld 51 %; 'HNMR (500 MHz, CDCI,, 25°C. TMS): 
~~=8.82(m,1H),8.42(d,3J(H,H)=12.9Hz,1H),7.89(m,1H),7.66-7.78 
(m,2H) .  7.31 (d. , J (H,H)=4.7Hz,  lH) ,7 .25 (d ,  ,J(H,H)=12.7Hz, 1H). 
7.24(app.t.'J(H,H)=12.4Hz,lH),7.11 ( a p ~ . t , ~ J ( H , H ) = l 3 . 0 H z .  l H ) ,  
6.54(app. L3J(H,H)=12.7Hz,  1H) ,6 .25(d ,3J(H,H)=4.7Hz,  1H),3.54 
(t. ,.I(H,H) = 5.4 Hz, 4H).  1.77 (m, 6H);  MS (C1, NH,): m / z :  460 [ M + H + ] ;  
C25H21N302SZ +0.25CH,C12: calcd C 63.08. H 4.53, N 8.74; found C 
63.18, H 4.56, N 8.75. 


Compound 3b[4]: Yield 100%; MS (CI, NH,): m / z :  486 [MfH'] ;  
C,,H,,N,O,S, +0.2OCH,CI,: calcd C 65.00, H 4.69. N 8.36; found C 
64.87, H 4.85, N 8.32. 


Preparation of polyenals 1-2c: The generic aldehydes lc[0] and 2c[0] were 
obtained by formylation of dihutylaniline (for 1 C[O]) '~~]  or julolidine (2c[0]) 
by the classical Vilsmeier-Haack reaction.'"] 


Aldehyde 2c[0]: Yield 80%;  'HNMR (200 MHz, CDCI,, 25°C. TMS): 
6 = 9.59 (s, 1 H). 7.29 (s, 2H),  3.29 (t. 3J(H,H) = 5.8 Hz, 4H) ,  2.77 (t, 
,J(H,lI) = 6.3 Hz, 4H) ,  1.96 (quint, '4H.H) = 5.6Hz, 4H): C,,LI,,NO 
(201.3): calcd C 77.58, H 7.51, N 6.96; found C 77.48, H 7.51, N 6.94. 


Polyenals of series 1-2c were prepared by stepwise vinylogous extension of 
the generic aldehydes 1 -2c[O]. Repetition of tlie Wittig oxyprenylation fol- 
lowed by the acid hydrolysis methodology reported in ref. 1351 yielded polye- 
nals of increasing size with satisfactory yields according to the following 
protocol: aldehyde 1-2c[n] (1 mmol) and 1,3-dioxan-2-yltributylphosphoni- 
um (1.1 equiv, 406mg, 1.1 mmol) were dissolved in anhydrous 
T H F  (1 5 mL). Sodium hydride (1.5 mmol) was added and the suspension was 
stirred at room temperature in the presence of a catalytic amount of 18-0-6 
crown ether for 20 h. After addition of water, the reaction mixture was 
extracted with ether. The solvent was evaporated, and the crude product was 
dissolved in T H F  (10mL). Hydrochloric acid ( lo%,  10 ml) was added and 
the solution was stirred at  room temperature for 1 h. After addition of' water. 
the reaction mixturc was extracted with methylene chloride: the solvent was 
evaporated and the residue dried over sodium sulfate, then the crude product 
was purified by column chromatography (eluting with inethylene chloride) to 
yield pure aldehyde I -2c[ii + I]. 


Aldehyde Icll]: Yield 80%; ' H N M R  (200MHz, CDCI,, 25'C. TMS): 
6 = 9.57(d,'J(H,H) =7.9 Hz , lH) ,7 ,42 (d , , J (H ,H)=  X.9 Hz,2H),7.36(d. 
'J(H.H)=15.4Hz, I H ) .  6.62 (d, ,J(H,H)=Y.OHz, 2H),  6.51 (dd. 
,J(H.H) =35.6, 8.0 Hz, 1 H), 3.32 (t, 'J(H,H) =7.6 Hz, 4H). 1.59 (m, 4H).  
1.36 (sexl, 'J(H,H) =7.9 Hz, 4H) .  0.97 (t, ,J(H,H) =7.5 Hz. 6H) ;  
C,,H,,NO (259.4): calcd C 78.72, H 9.71, N 5.40; found C 78.69, H 9.83, N 
5.36. 


Polyenal lc[2]: Yield 72%: ' H N M R  (200 MHz, CDCI,, 25 C ,  TMS): 
8 = 9.54 (d, '.I(H,H) = 8.1 Hz. 1 H), 7.36 (d, ,J(H,H) = 8.8 Hz, 2H).  7.25 
(dd. 'J(H,H)=14.8, 10.6H2, IH) .  6.Y3 (d, 3J(H,H)=15.2Hz, I H ) ,  6.79 
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(dd,3J(H,H)=15.1,10.4Hz,1H),6.60(d,3J(H,H)=8.8Hz,2H),6.18(dd, 
'J(H,H) =14.8, 8.1 Hr, 1 H), 3.31 (t, 'J(H,H) =7.5 Hz, 4H),  1.58 (quint, 
'.I(H,H) =7.4 Hz, 4H), 1.36 (sext, ,J(H,H) =7.5 Hz, 4H),  0.96 (t, 
,J(H,H) =7.1 Hz, 6H); C,,H,,NO (285.4): calcd C 79.95, H 9.54, N 4.91; 
found C 79.84, H 9.58, N 4.77. 


Polyenal lc[3]: Yield 72%; ' H N M R  (200 MHz, CDCI,, 25"C, TMS): 
6=9.55  (d, 'J(H,H)=X.IHz, IH) ,  7.33, 7.32 (m+d,  ,J(H,H)=8,9Hz,  
311),7.18(dd,3J(H,H)=15.1,11.3Hr, 1 H ) , 6 . 7 8 ( m , I H ) , 6 . 7 0 ( m , l H ) ,  
6.45(app. t,3J(H,H)=13.9,11.5Hz,1H),6.13(dd,~J(H,H)=15.0,8.1 Hz, 
1 H), 3.30 (1, 'J(H,H) =7.5 Hz, 4H),  1.57 (m, 4 H ) ,  1.36 (sext, 'J(H5H) = 


6.7 Hz, 4H), 0.96 (t, '.I(H,H) =7.2 Hz, 6H); C,,H,,NO (311.5): calcd C 
80.99. H 9.38, N, 4.50; found C 80.67. H 9.45, N 4.32. 


Polyenal lc[4]: Yield 99%; ' H N M R  (400 MHz, CDCI,, 2 5 T ,  TMS): 
6=9.53(d ,  'J(H,H)=8.0Hz, l H ) ,  7.29(d,  3 J ( H , H ) = 8 . 9 H ~ , 2 H ) ,  7.16 
(dd, 'J(H,H)=15.05, 11 35Hz, I H ) ,  6.76 (dd, ,J(H,H)=14.6, 11.2Hz, 
1H). 6.63-6.68 (m, 3H), 6.59 (d, ,J(H,H)=8,9Hz,  2H), 6.43 (dd, 
3J(H,H)=14.6, 11.4Hz, IH) ,  6.36 (dd, 'J(H,H)=14.0, 11.3Hz, I H ) ,  
6.14 (dd, 3.1(H,H)=15.0, 8.0H2, l H ) ,  3.29 (t, 'J(H,H)=7.5Hz7 4H), 
1.50-1.67 (m, 4H), 1.35 (sext, 4H),  0.96 (t, 'J(H,H) =7.2 Hz, 6H); 
C,,H,,NO +0.06CH2C1,: calcd C 80.73, H 9.14, N 4.08; found C 80.73, H 
9.25, N 4.12. 


Polyenal 2c[I]: Yield 99%; 'HNMR (200 MHz, CDCI,, 25"C,  TMS): 


(hrs, 2H), 6.47 (dd, '4H.H) =15.5, 7.9 Hz, 2H), 3.26 (t, '4H.H) = 5.7 Hz, 
4H), 2.74 (1. ,J(H,H) = 6.3 Hz, 4H), 1.96 (quint, 'J(H,H) = 6.3 Ha, 4H); 
C,,H,,NO (227.3): calcd C 79.26, H 7.54, N 6.16; found C 79.10, H 7.47, N 
6.08. 


6=9.55(d ,  ,J(H,H)=7.9Hz, l H ) ,  7.27 (d, 'J(H,H)=15.5Hz, 1H),7.01 


Polyenal 2c[2]: Yield 80%; ' H N M R  (200MHz, CDCI,, 25°C. TMS): 
6=9.52(d,3J(H,H)=8.2Hz,1H),7.22(dd,3J(H,H)=15.0,9.5Hz,1H), 
6.96 (hrs, 2H),  6.70-6.90 (m, 2H),  6.14 (dd, 'J(H,H) =15.5, 8.5 Hz, 1 H),  
3.23 (t. './(H,H) = 5.6 Hz, 4H), 2.74 (t, 3J(H,H) = 6.3 Hz, 4H),  1.96 (m. 
4H); C,,H,,NO (253.3): calcd C 80.60, H 7.56. N 5.53; found C 80.33, H 
7.40, N 5.48. 


Polyenal 2c[3]: Yield 65%; 'HNMR (200 MHz, CDCI,, 2 5 T ,  TMS): 
6 = 9 . 5 2  (d, ' J (H,H)=S.IHz,  l H ) ,  7.17 (dd, ,J(H,H)=15.0, 11.3H2, 
IH) ,  6.92 (hrs, 2H), 6.64-6.88 (m, 3H), 6.42 (dd, 'J(H,H) =13.7, 11.3 Hz, 
1H),6.11 (dd,3J(H,H) =15.0.8.0H~,IH),3.21 (t,,J(H,H) = 5.6Hz,4H), 
2.74 (t, 'J(H,H) = 6.3 Hz, 4H),  1.96 (quint, 3J(H,H) = 5.8 Hz, 4H); 
C,,H,,NO (279.4): calcd C 81.68, H 7.58, N 5.01; found C 81.62, H 7.66, N 
4.91. 


Polyenal 2c[4]: Yield 50%; ' H N M R  (400MHz. CDCI,, 25"C, TMS): 
S=9.53 (d, ,J(H,H)=7,95Hz, I H ) ,  7.15 (dd, 'J(H,H)=15.0, 11.3Hz. 
1 H), 6.88 (hrs, 2H), 6.74 (dd, 3J(H,H) =14.6, 11.2 Hz, 1 H), 6.50-6.68 (m, 
3H), 6.43 (dd, 'J(H,H)=14.6, 11.4Hz, IH) ,  6.32 (dd, 3J(H,H)=14.2, 
11.3 Hz, IH) ,  6.14 (dd, 3J(H,H) =15.0, 8.0 Hz, 1 H),  3.20 (t, 'J(H,H) = 
5.7 H r ,  4H), 2.76 (t. 4H), 1.96 (quint, 4H); C,,H,,NO (305.417): calcd C 
82.59, H 7.59, N 4.59; found C 82.41, H 7.68, N 4.87. 


Preparation of aldehydes 3c[O] and 3c[l]: n-Butyllithium (9.4 mL, 24 mmol, 
2 . 5 ~  in hexanes) was added to a solution of 2-N-piperidinylthiophene (3.0 g, 
18 inmol) in anhydrous THF (45 mL) at -78°C. The reaction mixture was 
stirred for 1 h at - 78 "C. A solution of N,N-dimethylformamide (1.94 mL, 
I .83 g, 25 mmol) or of 3-(dimethy1amino)acrolein (2.5 mL, 2.48 g, 25 mmol) 
in THF was then added and the reaction mixture brought to room tempera- 
ture and stirred for 15 min. Hydrochloric acid (9 mL, 3 M) was added and the 
reaction mixture stirred for 30 min before the pH of the mixture was raised 
with 10% sodium hydroxide, and the mixture extracted with methylene chlo- 
ride. The organic layer was washed twice with brine, dried over magnesium 
sulfate, and filtered. After evaporation of the solvent, the crude product was 
purified by column chromatography (eluting with methylene chloride) to 
yield pure aldehyde 3c[0] or 3c[l]. 


Aldehyde 3c[0]: Yield 80%;  'HNMR (200MHz, CDCI,, 25 'C,  TMS): 


IH) ,  3.33(m,4H), 1.68 (m,6H); C,,HI3NOS(195.3):calcdC61.51, H6.71, 
N 7.17; found: C 61.40, H 6.60, N 7.33. 


6 = 9.51 (s, 1 H),  7.47 (d, 3J(H,H) = 4.4 Hz, 1 H), 6.05 (d, 'J(H,H) = 4.5 Hr, 


Aldehyde 3c[l]: Yield 82%; 'HNMR (200MHz. CDCI,, 25'C, TMS): 
b=9.44(d ,3J(H,H)=8.0H~.1H) ,7 .41  (d, ' J (H.H)=l5.0Hz, lH),7.09 
(d, 3J(H,H) = 4.3 Hz, 1 H), 6.08 (dd, 'J(H,H) = 15.0, 8.0 Hr. 1 H),  6.00 (d, 
'J(H,H)=4.3Hz, 1H),3.29(t,3J(H,H)=5.1Hz,4H),1.75(m,4H),1.7 
(m, 2H); HRMS (FAB): m/z:  calcd for C,,H,,NOS: 221.0865: found 
221.0874. 


Polyenal 3c[2]: Yield 62% ; (4-methoxy-I ,3-butadienyl)tri-n-hutylstanii~inc 
(2.1 mL, 7.5 mmol) was added to anhydrous THF (15 mL) at -78°C. 
followed by n-butyllithium (3 mL, 7.5 mmol. 2 . 5 ~  in hexanes). The solu- 
tion was stirred for 1 h at -78 "C. A saturated solution of 3c[0] (0.56 g. 
2.8mmol) in anhydrous THF was then added, and the reaction mixture 
stirred for 0.5 h while allowed to reach room temperature. After addition 
of hydrochloric acid (5 mL, 3 ~ ) ,  the reaction mixture was stirred for 
0.5 h, rendered basic with 10% sodium hydroxide, extracted with methylene 
chloride (3 x 25 mL), and washed with water (1 x 25 mL). The emulsion 
was broken by filtering through Celite, and the organic layer washed again 
with water (1 x 25 mL) then dried with magnesium sulfate and filtered. 
After solvent evaporation, the crude orange solid (3.71 g) was purified 
by column chromatography, eluting with methylene chloride, leading to 
0.44g of pure aldehyde. 'HNMR (500 MHz. CDCI,. 25°C. TMS): 
6 = 9.51 (d, 'J(H,H) = 8.1 Hz. I H ) ,  7.17 (dd, 'J(H,H) =14.9, 11.3 Hz. 
l H ) ,  6.99 (d, ,J(H,H)=14.8Hz, l H ) ,  6.91 (d, , J ( H , H ) = ~ . I H L .  I H ) ,  
6.38 (dd, ,J(H,H)=14.8, 11.3Hz, I H ) ,  6.09 (dd, 'J(H,H)=14.8, 8.1 Hz. 
1 H), 5.95 (d, ,J(H,H) = 4.1 Hz, I H ) ,  3.25 (m. 4H), 1.71 (m. 4H) ,  1.62 (m. 
2H); HRMS (FAB): m/z:  calcd 247.1037; found 247.1031; C,,H,,NOS 
(247.4):calcdC67.98,H6.93,N5.66,S12.96;foundC67.96,H7.00,N5.68. 
S 12.94. 


Polyenal 3c[3]: Yield 50%. (4-methoxy-l,3-hutadienyl)tri-n-butylstannane 
(1.9 mL, 6.8 mmol) was added to anhydrous THF (12 mL) at -78 "C, fol- 
lowed by n-hutyllithium (2.7 mL, 6.8 mmol, 2 . 5 ~  in hexanes). The solution 
was stirred for 1 h a t  -78 "C. A saturated solution of 3c[l] (1.0 g, 4.5 nimol) 
in anhydrous THF was than added, and the reaction mixture stirred for 0.5 h 
while allowed to reach room temperature. After addition of hydrochloric acid 
(5 mL, 3 M ) ,  the reaction mixture was stirred for 1 h, rendered basic with 
sodium hydroxide ( lo%),  and washed with a 3/1 hrine/potassium fluoride 
solution. The organic layer was dried with magnesium sulfate and filtered. 
Solvent evaporation gave 3 g of red solid, which was purified by column 
chromatography (methylene chloride eluent) to yield 0.61 g of pure aldehyde 
3~[3] .  'HNMR (500 MHz, CDCI,, 25"C, TMS): 6 = 9.51 (d, 'J(H,H) = 
8.1H2, IH) ,  7.13 (dd, ,J(H,H)=15, 11.4Hz. I H ) ,  6.79 (d, 'J(H.H)= 
4.4Hz, l H ) ,  6.78 (d, ,J(H,H)=I4.9Hz, l H ) ,  6.72 (dd, 'J(H,H)=14.5, 
11.1Hz, lH),6.37(dd,'J(H,H)=14.4, 11.4Hz, IH),6.30(dd,  './(H,H)= 
15.0, 11.0 Hz, IH) ,  6.08 (dd, ,J(H,H) =15.0, 8.0 Hz, 1 H), 5.91 (d, 
'J(H,H) = 4.0Hz, l H ) ,  3.21 (m, 4H). 1.69 (m. 4H), 1.58 (m, 2H): 
HRMS (FAB): mjz: calcd 273.1196; found 273.1187: C,,H19NOS 
+0.2H20:  calcd C 69.38, H 7.06, N 5.06, S 11.57; found C 69.38, H 7.06. N 
4.96, S 11.40. 
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Dicyanopoly ynes : A Homologuous Series of End-Capped Linear sp Carbon 


Gunther Schermann, Thomas Grosser, Frank Hampel, and Andreas Hirsch* 


Abstract: The synthesis, isolation, spectroscopic characterization, and computational 
investigations of the rod-shaped dicyanopolyynes 1-6 (C,,N,, n = 4-9), which are 
model substances for the hypothetical one-dimensional carbon allotrope carbyne sp- 
C,, are described. Based on the trends in the spectroscopic behavior of 1-6 with 
increasing chain length, the electronic as well as the NMR properties of carbyne are 
predicted. For the investigation of the synthetic potential of this compound class, a first 
selected series of regioselective derivatizations is presented with the synthesis of the 
[4 + 21 and [3 + 21 cycloadducts 7- 12. 


Keywords 
ab initio calculations * alkynes - car- 
bon allotropes - electronic structure * 


semiempirical calculations 


Introduction 


We reported recently on the first synthesis and identification of 
the dicyanopolyynes 1-5 (C,,,N,, n = 4-8) as well as on the 
isolation and complete spectroscopic characterization of the 
smallest member of this family C,N2 (1).['] Together with the 
already known representatives of this compound class-NC- 
CN, NC-CrC-CN, and NC-C=-C-C=C-CN[21-1-5 form a 
continuous homologous series of neutral rod-shaped molecules 
that possess the highest possible number of n electrons. They are 
isoelectronic with the all-carbon rods (C=C),' - and, in analogy 
to the polyynes R-(CrC),-R where R is a bulky alkyl-, silyl-, or 
aryl group,13 -71 or a transition metal complex fragment,[*] they 
can be considered as end-capped model substances for the hypo- 
thetical one-dimensional carbon allotrope carbyne sp-C, .[31 


Polyynes similar to 1-5 such as HC,N ( n  = 1,3,  5,7)  have been 
detected by Kroto et al. as molecules in interstellar space.[g1 In 
this comprehensive study we report for the first time on the 
isolation and spectroscopic characterization of the new homo- 
logues 1-5 and of the next homologue, the 20-atom rod C,,N, 
(6), which we obtained following the same workup procedure. 
In addition, we present computational investigations on the 
geometries and electronic structures of 1-6, which explain the 
observed spectroscopic behavior. By extrapolating the charac- 
teristic trends in the spectroscopic data of 1-6 with increasing 
chain length, we predict properties of carbyne sp-C, . For the 
investigation of the synthetic potential of this compound class, 
we present a first selected series of regioselective derivatizations 
by allowing 1 and 2 to undergo [4 + 21 and [3 + 21 cycloaddition 
reactions with dienes and 1,3-dipoles. 


[*I Prof. Dr. A. Hirsch, DipLChem. G. Schermann, Dr. T. Grosser, Dr. F. Hainpel 
Institut fur Organische Chemie, Henkestr. 42, 91054 Erlangen (Germany) 
e-mail: hirsch(@organik.uni-erlangen.de 


Results and Discussion 


The synthesis of the dicyanopolyynes 1-6 was achieved by va- 
porization of graphite under Krltschmer-Huffman condi- 
tions"'] in the presence of cyanogen (CN),[III as described 
earlier."] This very convenient method allows facile access to 
gram quantities of the new rod-shaped molecules 1-6 in one 
reaction step and avoids successive acetylene coupling, protec- 
tion, and activation sequences involving unstable intermediates, 
which would be required for a conventional synthesis. Pre- 
sumably, instead of efficiently condensing to fullerenes or 
heterofullerenes, growing carbon clusters[" - 2 3 1  within the plas- 
ma are trapped by radicals such as 'CN to form the rod-shaped 
molecules 1-6, while the generation of fullerenes is completely 
suppressed."' Temperatures of up to 6000 "C in the hot reaction 
zone of the arc vaporizer are responsible for the formation of 
radical cleavage products of cyanogen. The use of chlorine 
instead of cyanogen as added gas leads to the formation of 
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perchlorinated aromatics such as hexachlorobenzene or oc- 
tachloroacenaphtylene, whose carbon skeletons represent sec- 
tions of the C,, structure."] 


The dicyanopolyynes 1-6 were the major soluble products 
formed during the graphite vaporization. They were separated 
from the soot by extraction with toluene and filtration to give a 
lemon-yellow solution. When chromatographed on silica gel 
(toluene/hexanc 80:20) the polyynes 1-6 eluted together as the 
least polar fraction. Morc polar components were not identified. 
The mixture of 1-6 was obtained in 7% yield with respect to 
evaporated graphite and consisted of 55% 1, 35 YO 2, and 10% 
3-6. The isolation of 1-6 was achieved by preparative HPLC 
on an RP-18 phase with acetonitrile as eluent. The smallest 
polyyne 1 could be separated from the higher homologues with 
a purity of 98.9 YO (GC) and also by sublimation at room tem- 
perature at a pressure of 1 nibar. 


The polyynes 1-6 form colorless crystals, which are very 
soluble, for example, in chloroform and toluene, but only spar- 
ingly soluble in hexane. In the solid state they are only stable at 
low temperatures in the dark. At room temperature slow de- 
composition takes place leading to black insoluble presumably 
cross-linked polymers. This decomposition occurs explosively if 
the crystals are exposed to shock or heat. Dilute solutions are 
indefinitely stable at - 18 "C in the dark. The stability in solu- 
tion at room temperature and in daylight, however, is sufficient 
to allow chromatographic separation and spectroscopic charac- 
terization. The stability of the polyynes decreases with increas- 
ing chain length. For example, concentrated solutions of 1 are 
stable at room temperature, whereas those of 6 slowly decom- 
pose, turning amber and finally forming a black insoluble pre- 
cipitate. Similar trends have been reported for polyynes end- 
capped with bulky organic or organometallic groups.[4 ~ s] The 
dicyanopolyynes 1-6 arc less stable than those containing bulky 
end groups, since, for example, a C,, rod end-capped with ster- 
ically demanding Re-complex fragments is stable in the solid 
sf ate at room temperature,['] whereas solid C,,N, decomposes 
under these conditions. Bulky end groups kcep the carbon 
chains in the crystal further apart from each other and thus 
prevent facile polymerization. These polymerizations may be 
similar to the topochcmically controlled polymerizations of di- 
acetylenes to polydiacetylene through a sequence of 1 ,4-addi- 
tions investigated by Wegner.[241 With these studies, it was ele- 
gantly demonstrated that the distance between the chains is a 
critical factor for bringing about the polymerization process. It 
is to be expected that the shortest possible interchain distances 
(van der Wads contacts) can easily be achieved in crystals or 
concentrated solution of 1-6, since no bulky end groups are 
present. Hence, with respect to their stability in the solid state, 
1-6 are good short-chain model substances for carbyne sp-C, , 
which is expected to be extremely unstable.[3 ~ 'I It is therefore 
very questionable whether the material obtained by Lagow et 
al.[251 is the sp-carbon allotrope. The authors vaporized 
graphite in the presence of cyanogen using a similar procedure 
to that which we described earlier"] and claim, without provid- 
ing convincing experimental evidence, that chains with more 
than 300 (!) sp-C atoms are thermally stable even in the solid 
state. In our hands 6 is the largest isolable chain and, as men- 
tioned above, i t  is already an unstable compound, which re- 
quires careful handling. 


a / I  I 


b Ill - C Ill 


I 
I I 


6 100 9'0 kJ  70 $0 :O[pprn] 


Figure 1. ''C N M R  spectra (62.9 MHz, 2 5 T ,  CDCI,) of a) C,N, (1). b) C,,N, 
('4, c) C , P ,  (3) and d) C,,N, (4). 


The I3C NMR spectra of the polyynes 1-4r261 (Figure 1) are 
very characteristic and unambiguously allow the structure de- 
termination of these rod-shaped molecules. The cyano groups of 
the dicyanopolyynes appear at 6 = 104, and the alkyne C atoms 
in the expected region between 6 = 50 and 67. The chemical 
shifts of the cyano C atoms at 6 = 104 as well as those of the 
neighboring alkyne C-2 atoms at 6 = 50 are almost independent 
of the chain length and are very close to the corresponding 
values for C atoms[2J in cyanoacetylene (6 = 104.5, 57.4), di- 
cyanoacetylene (6 = 103.3, 55.2), and dicyanodiacetylene 
(6 = 103.9, 53.4). The high-field shift of the signals due to the 
C-2 atoms is caused by the cyano groups. A new signal appears 
in the narrow region between 6 = 60 and 67 with each chain 
extension by a C,  unit, and the the signals in this region are 
almost always equidistant. The assignment of these and further 
signals was facilitated by the comparison of the experimental 
spectra with those obtained from the program SpecInf~,[~']  
which predicts a) signals for the cyano groups of each polyyne 
at 6 =104.85, b) signals for the C-2 atoms at highest field at 
6 = 56.40, c) signals for C-3 at lowest field at S = 66.00, 
d) signals for C-4 at second highest field at 6 = 60.57, and 
e) signals for all the remaining inner C atoms at 6 = 61.95. 
Comparison of the 13C NMR data of 1-4 with those available 
for other polyynes (examples synthesized by Diedericht7] and 
Gladysz['I) reveals an interesting conformity : Except for the 
signals of the sp-C atoms in direct or close proximity of the end 
groups like C-2 in 1-4 or C-2 and C-3 in the Re*-capped poly- 
ynes,['] the signals of the inner sp-C atoms appear in the narrow 
region bctween 6 = 60 and 67. Hence, it is to be expected that 
the I3C NMR spectra of polyynes R-(C-C),-R with n ap- 
proaching infinity will contain one broad signal at 6 ~ 4 3 .  


The FT-IR spectra were recorded for films on NaCl plates 
obtained by carefully allowing droplets of chloroform solutions 
of thc polyynes 1-6 to evaporate. The spectra reveal only very 
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few vibrational modes and are dominated by the CN valence 
mode at 3 = 2240 cm- '. The valence modes of the CC triple 
bonds are weaker and appear between i = 2090 and 2120 cm-'. 
In the FD mass spectra of 1-6, the signals due to the M i  ions 
appear as the only peaks, and no fragmentation is observed. 


The electronic absorption spectra of 1-6 are of special inter- 
est. They can accurately be interpreted with the calculated MO 
diagrams and are in qualitative agreement with the spectra pre- 
dicted by the ZINDOjS method.[281 The electronic absorption 
properties of the polyynes 1-6 also provide a beautiful example 
for the classical description of a one-dimensional electron gas, 
taking into account a periodic potential along the carbon chain 
due to bond length alternation.[291 There is at least one set of 
distinct bands with vibrational fine-structure in the UV region 
of each spectrum (Figure 2). 


-- 


-- 


-- 


-- 


-- 


-- 


.- 


200 250 300 350 400 
wavelength [nm] 


Figure2. UV/Vis spectra (acetronitrile, 25°C) of A) C,N, (l), B) C,,N, (2), 
C) C , P ,  (3) D) C,,N2 14), E) C,,N, (5) and F) C&, ( 6 ) .  
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The longest-wavelength absorptions are in general the most 
intense in each spectrum. The positions of the absorptions 
strongly depend of the chain length of the dicyanopolyynes 1-6. 
With increasing n and hence with the increasing length of the 
conjugated n-electron system, the absorption bands successively 
shift to longer wavelengths. The extent of the bathochromic 
shift increases with decreasing n. The same behavior has been 
observed by B ~ h l m a n n ~ ~ . ~ ]  and Walton[61 for a series of poly- 
ynes containing bulky terminal groups. The sets of fine-struc- 
tured absorptions of 1-6 shown in Figure 2 can be correlated by 
means of the empirical Lewis- Calvin eq~ation[~'l  commonly 
written as A2 = kn (A = wavelength of corresponding bands for 
polyynes containing n conjugated triple bonds). This equation 
was originally formulated and applied to polyenes and was later 
used also by Walton ct al.16J to describe the absorption behavior 
of compounds R-(C-C),-R, where R is H, silyl, alkyl, or aryl. 
For the series 1-6, the plot of n versus the highest observed 


wavelength (A') is a good straight line with slope of 
k = 12.2 x lo3 nm2 per triple bond (Figure 3),  which is a typical 
value for polyynes. For the high-intensity bands, the average 
vibrational spacing AA of corresponding adjacent bands in each 
polyyne increases with increasing chain length. The plot of dl 
versus n also shows linear behavior and reveals a good correla- 
tion with the empirical relationship A), = k 'n .  


Figure 3. 


The observed spectroscopic behavior correlates well with the 
decrease in the HOMO-LUMO gaps with increasing chain 
length. The MO diagrams and hence the HOMO-LUMO dif- 
ferences were calculated at the MP2/3-21 G* and HF/3-21 G* 
levels of theory as well as semiempirically by the AM 1 method 
implemented with the program package SPARTAN 4.0L3 ' I  (Fig- 
ure 4, Table 1). The HOMOS are successively raised in energy, 


9.91 eV 9.27 eV 


_ -  I HOMO HOMO _ _  


C8N.2 CIONZ 


Figure4. MO diagrams (MP2/3-21 G*) fur C,N, (1) and C,,N, (2 ) .  


Chem. Eur. J .  1997, 3, No.  7 fJ VCH Vi.rlo~.s~es~~IIsckNJI mbH. 0-69451 Weinheim, 1997 0947-6539/Y7/0307-11~7 $ 17.50+ SUIO 1107 







A. Hirsch et al. FULL PAPER 


Table I .  Lowest-energy absorptions in the UViVis spectra of 1-6, calculated ener- 
gy differences between HOMOs and LUMOs, and calculated transitions with oscil- 
lator strengths. 


~~~ ~ 


C,N, ( I )  232 10.79 Y.O1 186 6.36 119 1.71 
C,,N, (2) 259 10.20 8.60 204 7.30 131 1.86 
C,,N, (3) 282 9.79 8.23 220 8.14 143 2.00 
C,,N, (4) 303 9.49 8.06 233 8.90 153 2.10 
C,,N, (5) 322 9.28 7.90 244 9.62 163 2 18 
C,,N, (6) 339 9.09 1.79 253 10.29 171 2.32 


[a] Experimental value of the lowest energy absorption. [b] AE(HOM0-LUMO) 
calculated at HF/3-21 G*. [c] AE(HOM0-LUMO) calculated by AM1. 
[d] ZINDO/S-calculated UV-spectrum (lowest-energy absorption). [el Oscillator 
strength. [f] ZlNDO,IS-calculated next-higher symmetry-allowed transition. 


whereas the LUMO energies are lowered. In analogy to the 
experimentally observed bathochromic shifts, the extent of nar- 
rowing of the HOMO-LUMO gaps decreases with increasing 
n. Owing to their D,, symmetry, the MOs in the frontier orbital 
region are doubly degenerate and exhibit alternately eg and r ,  
symmetry. The HOMOs for polyynes with an even n have eg 
symmetry and those with an odd n e, symmetry. The HOMO- 
LUMO transitions are always symmetry allowed, whereas the 
HOMO-LUMO f 1 transitions are symmetry forbidden. AM 1 
as well as MP2/3-21 G* and HF/3-21 G* calculations overesti- 
mate the HOMO-LUMO gaps (Table 1). 


The same trend is also reflected by the ZINDO/S-calculated 
UV spectra. The A,,, values of the longest-wavelength absorp- 
tions of the calculated spectra are smaller than the experimental 
values by a factor of about 0.8. However, the bathochromic shift 
of the A,,, values with increasing n is in complete agreement with 
experiment, especially since the Lewis- Calvin plots of the cal- 
culated spectra also show linear behavior. The MO calculations 
show that the pattern of intense absorption bands are due to the 
vibrational fine-structure rather than to transitions into higher 
excited states. Symmetry-allowed transitions into excited states 
(HOMO + LUMO+2n) would occur at much higher energies 
and would be much less intense, since, for example, the oscilla- 
tor strength of the second allowed transition is about a quarter 
of that of the first transition (Table 1). In the short-wavelength 
region of the UV/Vis spectra of 5 and 6 (Figure 2), a second set 
of less intense absorptions are indeed observed (between 200 
and 240 nm). In the light of the theoretical calculations, these 
can be assigned to the next-higher symmetry-allowed transitions 
(HOMO --+ LUMO + 2). Here the intensity ratios of the corre- 
sponding bands are in good agreement with the calculated oscil- 
lator strengths. For example, the ratio of the oscillator strengths 
of the second and first symmetry-allowed transition in 6 is calcu- 
lated to be 0.23; the experimental ratio of intensities for the 
bands at E,,,, = 234 and 339 nm is 0.18. The vibrational fine- 
structure of the UV bands of 1-6, with the lowest-energy ab- 
sorptions being the most intense, clearly shows that the Morse 
function of the first excited state is almost only vertically shifted 
with respect to the ground state. The oscillator strength of a 
given transition increases with increasing chain length. The ex- 
perimental verification of the latter prediction is hampered be- 
cause the dicyanopolyynes 1-6, especially the higher homo- 
logues, are too unstable in the solid state to allow accurate 
weighing for the determination of the extinction coefficients. 


However, increasing intensity of absorption bands with increas- 
ing chain length has been observed for more stable polyynes 
investigated, for example, by Walton and Gladysz.[‘. 


Analysis of the MP2/3-21 G*-calculated structures of 1-6 
shows that bond-length alternation between triple and single 
bonds decreases from the ends of the rods to the middle (Fig- 
ure 5 ) .  A similar picture emerges for the bond orders: the single 


PC -067 -042 000 087 070 -048 


BL 1197 1376 1236 1360 1238 l i 1 l 1 1  
N Z C  IZZ I Z I  C Z S N  


BO 306 115 261 120 256 121 


Figure 5 MP2/3-21 G* bond lengths (BL), bond orders (BO), and partial charges 
*n GUN2 (2) 


and triple bonds increasingly gain double-bond character to- 
wards the middle. Hence, the molecules exhibit some cummu- 
lene character at their center, and this trend increases with in- 
creasing chain length. 


For infinite chains two scenarios can be considered: 


1) For large n there will be no bond length alternation in the 
interior of the chain. 


2) The bond length equalization will never be complete, and the 
differences in length between “single” and “triple” bonds 
will approach a given limit. 


In the former case C,N, would be a black metal-like material, 
since the energy difference between HOMOs and LUMOs or the 
valence and conduction bands would disappear.[321 In the latter 
case C,N, would be an insulator with an energy gap AE be- 
tween valence and conduction bands.[321 The magnitude of AE 
and hence the color of C,N, would then depend on the extent 
of the remaining bond length alternation.[29. 321 The same con- 
siderations are in principle also valid for C ,  chains with termi- 
nal groups other than CN, including carbyne. Based on the 
present knowledge of the structures and electronic properties of 
one-dimensional solids, it is likely that bond length alternation 
in infinite sp carbon chains persists, termed Peierls distortion in 
solid state This distortion, which is related to the 
Jahn-Teller distortion in molecular chemistry, leads to a stabi- 
lization of the occupied MOs and to a destabilization of the 
unoccupied MOs, and stabilization or destabilization increases 
towards the frontier orbitals. Peierls distortion is a well-known 
phenomenon in the polyenes (CH=CH),2.[321 Consequently, 
polyacetylene in the undoped state is an insulator with a lowest- 
energy absorption of A,,, = 650 nm.[331 This value is close to the 
estimated A,,, of 680 nm for (CH=CH), obtained form the 
experimental absorption spectra of discrete polyene oligomers 
with various chain lengths by extrapolating the plot of Eexp 
versus l/n to n = co (E,,, = experimental optical absorption 
energy) .[331 Whereas the spectroscopic behavior of short-chain 
representatives of p ~ l y e n e s ~ ~ ~ ]  and polyynes (vide supra) can be 
described with the Lewis-Calvin equation i2 = kn, a better 
description for the long-chain analogues is provided by the em- 
pirical equation E = ~ + b / n , [ ~ ~ l  since for larger n the plots Eerp 
versus 1 /n  become linear and approach a limiting value of a + 0 
for n + co (Figure 6). Hence, by analogy to the polyenes, it can 
be predicted that bond length alternation between “single” and 
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Figure 6. Lowest-energy absorption E [J x 
R = CN, 0 :  R = tBu,I4’ 0: R = Et,Si.[hs’ 


versus l/n of R-(C=C),-R. A :  


“triple” bonds also persists in polyynes and reaches a lower limit 
for infinite chain lengths. Based on the plot E,,, versus l /n  of the 
absorption data of 1-6, A,,, of C,N, is estimated to approach 
550 nm for n -+ co. Significantly, the corresponding plots for the 
series R-(CrC),-R (R = tBu, Et,Si)r4s 6a1 also become linear 
with increasing chain length and approach the same value (Fig- 
ure 6). The differences in the plots for the shorter chains are due 
to the different end groups (end group effect). These effects 
become unimportant for very long chain lengths. Based on these 
considerations carbyne should be a colored insulating material. 


The highest positive Mulliken partial charges on the (CzC), 
chains of 1-6 are located at C-2, followed by the C-3 position 
(Figure 5). The polarizations of the C-2jC-3 triple bonds are 
significantly larger than for all the other triple bonds in the 
middle of the chains. This charge distribution in the carbon 
chains induced by the cyano groups is the governing factor 
determining the regiochemistry of cycloadditions, as will be 
shown for a series of [4 + 21 and [3 + 21 cycloadditions carried 
out with the polyynes 1 and 2. These were treated with 9,lO- 
dimethylanthracene or 2,3-dimethylbutadiene in toluene, and 
the reaction mixtures were purified by column chromatography. 
Compounds 7-9, formed by [4+2] cycloaddition at the first 
C-C triple bonds between C-2 and C-3, were obtained as the 
only monoaddition products. The completely characterized 
compounds 7-9 form bright yellow crystalline solids, which are 
totally stable under ambient conditions. Above 150 “C they de- 
compose without melting. Whereas the monoadducts 7-9 were 
the major reaction products with one equivalent of the diene, 
[4 + 21 bisadducts 10 and 11 formed preferentially with an excess 
of diene. These successive additions to the terminal C-C triple 
bonds of 1 and 2 are regioselective processes, since the symmet- 
rical bisadducts 10 and 11 are the only regioisomers that were 
found in the reaction mixtures. The higher symmetry of 10 and 
11, leading to favorable packing in the crystal, presumably ex- 
plains why they are much less soluble than the monoadducts 7 
and 8. Single crystals of 10 suitable for X-ray analysis were 
obtained by allowing cyclohexane solutions to evaporate slowly 


7 


Ncy CN 


‘C N 


NC 


k 
a 


(Figure 7). In the crystal 10 has C,, symmetry. The dicyano- 
diene-yne chain is planar, which guarantees the most favorable 
orbital overlap within the conjugated n-electron system. 


Nlo 


Figure 7.  X-ray crystal structure of 10. 


The [3 + 21 cycloaddition of one equivalent of methyl azidoac- 
etate to 1 in toluene at 90 “C afforded the triazole 12 as the only 
monoadduct. This process is regioselective with respect to the 
chain position (exclusive addition to the C-2/C-3 bond) and to 
the orientation of the N,-R fragment within the heterocycle. In 
analogy to 7-11, the chain position involved in the cycloaddi- 
tion can be deduced from the I3C NMR spectrum of 12: for 
example, two signals for the two different cyano groups appear 
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at 6 = 118 and 104; the former can clearly be assigned to a CN 
group[271 that is not attached to a C-C triple bond, and the 
latter is typical for a CN group bound to a C=C unit (see also 
NMR data of 1-11). The proposed mode of azide addition for 
12 (with N-I attached to C-2 and N-3 to C-2) is strongly sup- 
ported by the calculated polarizations (MP 2 or AM 1 Mulliken 
charges) of the C-2/C-3 bond in 1 and of the azide group in 
methyl azidoacetate, since C-2 is the more positively polarized 
C atom and N-1 the more negatively polarized N atom. The 
triazole 12 and the other newly synthesized cyanoeneynes 7 -11 
are nontrivial functionalized molecules, which are readily acces- 
sible in one stcp from dicyanopolyynes, such as 1 and 2, and 
commercially available starting materials. 


Conclusion 


This work describes the one-step synthesis, isolation, and spec- 
troscopic characterization of the dicyanopolyynes 1-6. These 
rod-shaped molecules are short-chain model compounds for the 
hypothetical and presumably unstable linear sp-carbon al- 
lotrope carbyne sp-C,. The analysis of the spectroscopic behav- 
ior of 1-6 enables us to predict the electronic and NMR prop- 
erties of carbyne. The CN end groups in 1-6 lead to 
pronounced polarization of the termini, especially of the triple 
bonds between C-2 and C-3. As a result [4+2] and [3+2] cy- 
cloadditions occur regioselectively at these positions. With the 
facile access to the stereochemically defined mono- and bisaddi- 
tion products 7-12 in only one stcp, we have shown that di- 
cyanopolyynes, which are themselves readily accessible in one 
step from graphite, can be useful as starting niaterials for the 
synthesis of interesting compound classes. 


Experimental Section 


General: 'H  NMR and I3C NMR:  Bruker AC250, Bruker ARX250, Bruker 
AMX400. Jeol JNM EX400, and Jeol JNM (3x400: MS: Varian MAT711 
(FD); IR :  Bruker FT-IR IFS48 and Bruker FT-IR Vector 22; UV/Vis: 
Shimadzu UV 3102 PC: HPLC preparative: Shimadzu SIL 10A, SPD 10A. 
CBM 10A. LC 8A,  FRC 10A (Grom-Sil 100 Si, N P I ,  5p, 25x4 .6cm;  
Grom-Sil ODS 2, 5 p. 25 x 2 cm): TLC (Machery-Nagel, Ahgram" 
G TJV2sA). 


Reagents were prepared according to common procedures. Materials and 
solvents were obtziined from commcrcial suppliers and were used without 
further purification. Products were isolated where possible by column or  flash 
column chromatography (silica gel 60, particle size 0.04 0.063 nm, Merck). 


Crystal data for 10: M ,  =720.91; triclinic; space group Pi: cell dimensions: 
tr=9.140(2), h=10.118(2), c=11.882(2)& x =  67.72(2), 1=78.36(2) ,  
:=75.27(2)": V =  983.3(3) ,&3;f~cals= 1 . 2 1 7 M g m ~ 3 ; Z = l : F ( 0 0 0 )  = 382; 
graphite monochrornated Mo,, radiation (A = 0.71073 A): T=173(2) K. 
Data were collected with a Nonius MACH 3 diffractometer equipped with a 
rotating anode on a crystal with Ihc dimensions 0.2 x 0.3 x 0.3 mm. Data 
collecting range: 4.0 < 20 < 52.0'. Of a total of 3989 collected reflections 3989 
were unique and 2438 with I >  2 4 1 )  were observed. The structure was solved 
by direct methods using SHELXS 86. 356 parameters werc refined with all 
data by full-matrix least-squares on F2 using SHELXL 93 (G. M. Sheldrick, 
Giittingen 1993). All non-hydrogen atoms were refined anisotropically. The 
hydrogen atoms were fixed in idealized positions using a riding model. Final 
K values: R1 = 0.0774 [(I>2n(l)]  and wR2 = 0.2627 (all data) with 
K l  = X I &  - F,//x:F,andwK2 = xv(, l(Fz - F ~ ) Z ~ / ~ ~ ~ ( F ~ ) Z ) o - 5 : l a r g e ~ t  peak 
(0.456 e k 3 )  and hole ( -  0.484 e k ' ) .  


Crystallographic data (excluding structure factors) for the structure report- 
ed in this paper have been deposited with the Cambridge Crystallographic 
Data Centre as supplementary publication no. CCDC-100 173. Copies of the 
data can be obtained free of charge on application to The Director, CCDC, 
12Union Road, Cambridge CB21EZ, UK (Fax: Int. Code +(1223)336-033: 
c-mail: deposit(c<chemcrys.cam.ac.uk). 


Synthesis of the dicyanopolyynes 1-6: Cyanogen was prepared according to 
literature"" and condensed into an evacuated autoclave. The autoclave was 
then connected via a bubble counter to the gas inlet valve of a fullerene 
reactor."' The reactor was equipped with a graphite rod, and repeatedly 
evacuated and flushed with helium to 900 mhar. At the end of this proce- 
dure the reactor was filled with helium to 140 160nibar, and the belljar 
was cooled with water. The reaction was  started by applying a current of 
about 40-60 A, and opening the cyanogen valve. The gas stream was con- 
trolled to maintain an almost constant pressure in the reactor. After the 
reaction was finished, the reactor again was filled with helium and allowed 
to cool to room temperature. The mixture of the dicyanopolyacetylenes 
was removed rrom the belljar by extraction with toluene, and the soot re- 
moved from the solution by filtration. The polyyne solution was kept in the 
refrigerator. Yield: 7% with respect to graphite and SOo/u with respect to 
cyanogen. 


Isolation of the dicyanopolyynes 1-6: The mixture of the dicyanopolyynes 
1 6 was prepurified by flash column chromatography using toluene,'hexane 
(80:20) as eluent. The solvent was evaporated al 30 ' C  under rediiccd pres- 
sure. The residue was dissolved in dry acetonitrile and the dicyanopoly- 
acetylenes separated by preparative HPLC with a RP18-phase column using 
dry acetonitrile as eluent. With a flow of 20 mLmin it was possible to 
separate C,,N, (3), C,,N, (4), C,,N, (5), and C,,NZ ( 6 ) .  C,N, (1) and 
C,,N, (2) were obtained as a mixture and were separated in a second run with 
a flow of 5 mLmin- ' .  After separation toluene was added to the correspond- 
ing solulions and the acelonitrile was removed on a rotary evaporator. The 
resulting toluene solutions were stored in the refrigerator. Relative yields: 
C,N, (1):  55%, C,,N, (2): 3 5 % ,  and C,,N, (3): 7 %  (I3C NMR); C,,N, 
(4): 2%. C,,N2 (5): 0.7%, and C,,N, ( 6 ) :  0.3% (HPLC, UV det. at 
i = 280 nm). 


1,6-Dicyano-l,3,5-hexatriyne ( I ) :  I3C N M R  (CDCI,, 25 "C): 6 = 51.19. 
63.27. 65.64, 104.10 (C"); IR (NaCI): S = 2247 (C-N), 2237 (C-N), 2187 
(C-C) cm- ' :  UV/Vis (acetonitrile): i.,,, = 232,222,212,203 nm: CV (El ,, 
ZOinVs-'): -0.56V; MS (70eV. EI): w ~ i z  =I24  [ M i ] .  


1,8-Dicyano-1,3,5,7-octatetrayne (2): I3C NMR (CDCI,, 25 C): 6 = 51.99. 
61.92,64.56, 66.21, 104.28 (CN); IR (NaCI): i. = 2237 (C-N), 2186 (CEC), 
2120 (C=C) cm- ' ;  UVlVis (acetonitrile): 1,,, = 259, 246, 235, 223 nm; CV 
(El,,, 20 mVs-I): -0.55 V; MS (70 eV, EI): m/r =I48 [ M ' ] .  


1,10-Dicyano-1,3,5,7,9-decapentayne (3): 13C NMR (CDCI,, 25 C): 
b = 49.97, 60.54, 62.54, 64.42, 65.94, 103.89 (a); IR (NaCI): 3 = 2237 
(C-N), 21x7 (C=C), 2118 ( C ~ C ) c m - l ;  UV/Vis (acetonitrile): I.,,,, = 282, 
267, 254, 242, 232nm: CV (El,, ,  20mVs-I) :  -0.40V; MS (70eV, EI): 
m/z=172 [ M + ] .  


1,12-Dicyano-1,3,5,7,ll-dodecahexayne (4): I3C NMR (CDCI,, 25 C): 
6 = 50.34, 60.76, 62.55, 63.80, 65.38, 66.71, 104.49 (CNj; IR (NaCI): 
3 = 2233 ( C r N ) ,  2170 ( C r C ) ,  2154 (C-C) cm-': UV,IVis (acetonitrile): 
imax = 303, 286, 271. 258, 246, 207 nm: MS (70cV, EI): m/z =196 [ M ' ] .  


1,14-Dicyano-1,3,5,7,9,11,13-tetradecaheptayne (5 )  IR (NaCI) i = 2239 
(C=N),  2172 (C-C), 2128 (C=_C), 2092 (C=C) c m - ' ~  UV Vis (acetonitrile) 
A,,, = 322, 304, 287, 273, 260, 222 nm, MS (70 eV. E l )  M 3 = 220 [ M ' ]  


1,16-Dicyano-1,3,5,7,9,11,13,15-hexadecaoctayne (6 ) :  IR (NaC1): i = 2239 
(C=N),  2172(C-C), 2126(C=C), 2092(C-C) a n - ' ;  UV,Vis(acetonitrile)- 
in,,, = 339, 319, 301, 286, 271, 234 nm: MS (70eV, EI): m , z  = 244 [ M ' ] .  


2-Cyano-3-(4'-cyanobutd-1,3-diynyl)-5,6;7,8-dibenzo-l ,Cdimethylbicy- 
clo(2.2.2]oct-2-ene (7): 9,10-Dimethylanthracene (100 mg, 0.48 mmol) was 
added to a solution of triyne 1 (60 mg, 0.48 mmol) in 50 mL of toluene. This 
solution was stirred for 24 h at room temperature, and the product was 







1105- 11 12 Dicyanopolyynes 


separated by flash column chromatography with toluene as eluent (yield: 
54 mg, 39%, yellow powder). 'H  NMR (400 MHr,  CDCI,, 25 'C): 
6 = 2.28 (s, 3 H,  CH,) ,  2.32 (s, 3 H, CH,),  7.14 (m. 4H,  Ar-H/ , 7.34 (m, 4H,  
Ar-H/; I3C NMR (100.50MHz, CDCI,, 25°C): 6 =13.93 ( IC,  CH,), 
14.02 (1 C, CH,), 50.68 (1 C, bridgehead-C), 52.49 (1 C, bridgehead-C), 
61.28 ( l C ,  C=C),65.65 ( lC,  C r C ) ,  72.64 (1 C, C=C) ,  87.79 ( IC,  C=C),  
104.88 ( IC,  C-N), 114.02 (IC, C-N), 121.10 (2C, Ph-C), 121.20 (2C,  


(2C,Ph-C), 145.22(2C,Ph-C), 148.99(1C,C=C);MS(70eV,EI):m/z(%): 


i = 3088 (Ar-H), 2977 (CH,), 2925 (CH,), 2849 (CH,), 2235(C=N), 2209 
(C=N), 2182 (C=C), 1625 (C=C), 1453 (CH,), 1386 (CH,), 753 (Ar- 
H) cm- ' ;  UV/Vis (cyclohexane): iL,,, ( 6 )  = 365 (4500), 317 (4600), 292 nm 


Ph-C), 125.76 (2C, Ph-C), 125.91 (2C, Ph-C), 141.01 (1 C, C=C) ,  145.00 


330 (100) [Mt] ,  315 (80) [ M t  - CH,], 206 (21) [DMA']; IR  (KBr): 


(5500) .  


2-Cyano-3-(6'cyanohexa-l,3,5-triynyl)-S,6;7,8-dibenzo-1,4-dimethylbicyclo- 
12.2.2loct-2-ene (8) and ~,4-Di-(2-cyano-5,6;7,8-dibenzo-l,4-dimethylbicyclo- 
[2.2.2]oct-2-enyl)buta-1,3-diyne (1 1): Tetrayne 2 (87 mg, 0.58 mmol) and 9,10- 
dimethylanthracene (182 mg, 0.85 mmol) were dissolved in 50 mL of toluene 
and stirred for 3 h under reflux. The monoadduct 8 was separated from 
product 11 by column chromatography with toluene as eluent (yield: 21 mg, 
10% 8, ycllow powder). ' H N M R  (400 MHz, CDCI,, 25°C): 6 = 2.20 (s, 
3H. CH,), 2.26 (s, 3H,  CH,), 7.01 (m. 4H,  Ar-HI, 7.22 (m, 4H. Ar-HI; "C 


49.94 (1 C, bridgehead-C), 52.01 (1 C, C-C), 52.12 (1 C, bridgehead-C), 
77.64(1C, C=C),  79,01 ( l C ,  C=C) ,99 .33( lC,  C=C),99.87 ( lC,  C=C), 
100.86 (IC,  C=C), 105.48 (IC,  C=N), 115.24 ( IC,  C-N), 120,67 (2C, 


Ph-C), 153.26(1C,C=C);MS(70eV,EI):m/z(0/0): 354(20)[M+],339(24) 
[M + - CH,], 91 (25), 83 (100); IR (KBr): i = 3068 (Ar-H), 2976 (CH,), 
2925 (CH,), 2852 (CH,), 2244 (C=N), 2204 (CEN). 2127 (C=C), 1448 
(CH,), 1385 (CH,). 736 (Ar-H) cm- ' ;  UV/Vis (cyclohexane): I.,,, (c) = 405 
(4100), 379 (4400), 260nm (5200). 
The prepurified product 11 was dissolved in 1,1,2,2-tetrachlorethane and 
purified with preparative HPLC on a reverscd phase column using acetoni- 
trile as eluent with a flow of 10mLmin- '  (yield: 20mg, 6 %  11, yellow 
powder). 'H NMR (400 MHz,CDCl,, 25°C): 6 = 2.23(s, 6 H ,  CH,) ,  2.29 (s, 
6H,  CH,), 7.09 (m. 8 H ,  Ar-HI,  7.31 (m, 8 H ,  Ar-HI;  I3C NMR 


(2C, bridgehead-C), 52.65 (2C, bridgehead-C), 80.65 (2C, C-C) ,  89.88 (2'2, 
C=C), 72.64 (IC. C=C) ,  114.80 (2C, CFN), 120.79 (4C, Ph-C), 121.21 


145.60 (4'2, Ph-C), 145.73 (4C, Ph-C), 151.18 (2C, C=C); MS (70eV. El): 
m/: (YO):  560 (38) [ M ' ]  545 (12) [M' - CH,], 343 (51), 328 (20), 206 (100) 
[DMA'], 191 (19) [DMA' - CH,]; IR (KBr): ? = 3069 (Ar-H), 2977 
(CH,), 2924 (CH,), 2852 (CH,), 2208 (C-N), 2127 (C=C), 1448 (CH,), 
1386 (CH,), 733 cm-'(Ar-H); UV/Vis (acetonitrile): ),,,, (c) = 390 (11 300), 
365 (10400), 262 nm (18900). 


NMR (100.50 MHZ, CDCI,, 25 "c): 6 = 14.39 (I c. CH,), 14.46 (1 C, CH,), 


Ph-C), 120.72 (2C, Ph-C-), 125.54 (4C, Ph-C), 133.73 (C=C), 145.79 (2C, 


(inn.50 MHZ, CDCI,, 2 5 " ~ ) :  (7 =14.06 ( 2 c ,  CH,), 14.21 (2c ,  CH,), 50.07 


(4C, Ph-C), 125.54 (4C, Ph-C), 125.63 (4C, Ph-C), 135.83 (2C, C=C),  


l-Cyano-2-(4'-cyanobuta-1,3-diynyl)-4,S-dimethyl-1,4-cyclohexadiene (9) : 2,3-  
Dirnethylbutadiene (89 mg, 1.08 mmol) was added to  a solution of triyne 1 
(134 ing, 1.08 mmol) in 50 mL of toluene. The mixture was stirred for 10 h at 
60'C. The product was purified over a silica gel column with toluene as 
eluent. Preparative HPLC was used for the separation using a silica gel 
column and cyclohexane/ethyl acetate (99: 1)  as elucnt (yield: 48 mg, 22%, 
yellow-brown powder). 'H  NMR (400 MHz. CDCI,, 25 'C ) :  S = 1.64 (s, 6H. 


(lC,CH,),17.92(lC,CH,),35.07(1C,CH2),36.05(lC,CH,),57.49(lC, 
CGC) ,  66.08 (1 C ,  CEC). 76.59 (IC, C=C), 78.06 ( IC,  C=C), 104.92 (1 C, 
C-N), 116.59 (IC,  C-N), 120.63 ( l C ,  C=C), 321.03 ( IC,  C=C), 122.07 
(IC,  C=C), 130.02 (1 C, C=C); MS (70eV, EI): m/z (YO): 206 (100) [ M + ] ,  
191 (85 )  [ M +  - CH,], 164 (54), 57 (21). 43 (23); IR (KBr): 3 = 2921 (CH,), 
2869 (CH,), 2240(C-N), 2205 ( C s N ) ,  2104 (C=C), 1597 (C=C), 889 cm-' 
(CH,); UV/Vis (cyclohexane): A,,, (c) = 328 (10600), 307 (11 100). 289 
(6900), 273 nm (3000). 


CH,), 2.88 (q, 4H,  CH,); "C NMR (100.50 MHz, CDCI,, 25 "C) :  6 = 17.88 


1,2-Di-(2-cyano-S,6;7,S-dibenzo-l,4-dimethylbicyclo[2.2.2)oct-2-enyl)ethyne 
(10): Triyne 1 (82 mg, 0.61 mmol) and 9,10-dimethylanthracene (271 mg, 
1.32 mmol) were dissolved in 50 mL toluene and stirred for 3 h under reflux. 
The product was purified by flash column chromatography using toluene as 
eluent. For the recrystallization the residue was dissolved in cyclohexane 


under reflux and then allowed to cool to room temperature (yield: 138 mg. 
23%, yellow crystals). 'H NMR (400 MHz, CDCI,, 25'C): 6 = 2.27 (s, 6H,  
CH,) ,  2.32 (s, 6H,  CH,), 7.07 (m, XH, Ar-HI,  7.31 (m, XH, Ar-H/; 


49.92 (2C, bridgehead-C), 50.09 (2C, bridgehead-C'), 99.33 (2C. C-C),  
115.18 ( IC,  C=N), 120.68 (4C, Ph-C), 120.79 (4C, Ph-C), 121.30 (4C, 


(4C, Ph-C), 152.02 (2C. C=C); MS (70eV. EI): m/z (%): 536 (100) [M '1. 


[DMA' - CH,], 91 (55), 28 (72); IR (KBr): i. = 3068 (Ar-H), 2977 (CH,), 


(CH,), 736 cm-l  (Ar-H); UV/Vis (cyclohexane): i,,,, ( E )  = 379 ( I5  500), 360 
(10800), 299 (SSOO), 269 nm (7600). 


S-Cyano-4-(4'-cyanobuta-l,3-diynyl)-l-methoxycarhonylmethyl-1,2,3-triazole 
(12): To a solution of triyne 1 (108 mg, 0.87 mmol) in 50 mL of toluene was 
added methyl azidoacetate (100 mg, 0.87 mmol). The solution was stirred at 
90 ' C  overnight, and the product purified by column chromatography using 
a mixture of cyclohexane/ethyl acetate 3/1 to 2/1 as eluent (yield: 47 mg. 
23% white powder). ' H N M R  (400 MHz, CDCI,, 25°C):  c i  = 3.83 (s, 
3H,  CH,), 5.28 (s, 2H,  CH,):  N M R  (100.50 MHz, CDCI,, 25°C): 
6 = 50.95 (1 C, CH,), 53.93 (1 C. CH,), 58.13 (1 C, CEC-CN), 65.31 (1 C, 
c ~ c ) ,  65.71 ( I  C ,  C-c), 79.22 (1 c, c-c), 104.62 (I  c, c-N), 1 0 6 . 1 ~  ( I  C. 
C=C),  118.14(1 C, C-N), 133.67 (1 C, C = C ) ,  164.24 (1 C, carbonyl-C); MS 
(70eV,EI) : rn/z(%):239(8)[Mt] .211 (55)[Mi -N,].152(14), 139(35), 
124 (40), 59 (300) [C,H,O:]; IR (KBr): C = 2956 (CH,). 2922 (CH,), 2851 
( o c H , ) , z ~ ~  ( ~ ~ ~ 2 2 1 9  ( c N ) , ~ I ~ x  ( c r c ) ,  1757 (c=o). 1601 ( c = c ) ,  
1541 (N=N),  1457 (CH,), 1357 (CH,), 1229 (C-0) ,  702 cm-I  (CH,); UV; 
Vis (cyclohexane): A,,, (i:) = 322, 302, 285, 270 nm. 


NMR (ionso MHZ, CDCI,, 25 T):  6 =14.12 ( 2 c ,  CH,). 14.39 ( 2 c ,  a,), 


Ph-C), 125.49 (4C, Ph-C), 133.98 (2C. C=C), 145.75 (4C, Ph-C). 145.86 


521 (21) [ M i  - CH,], 319 (IS) ,  304 (68), 206 (91). [DMA'], 191 (30) 


2943 (cH,), 2881 (cH,), 2201 (c-N), 1601 (c=c), 1448 (cH,), 1385 
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Toward Controllable Molecular Shuttles** 


Pier-Lucio Anelli, Masumi Asakawa, Peter R. Ashton, Richard A. Bissell, Gilles Clavier, 
Romuald Gbrski, Angel E. Kaifer, Steven J. Langford, Gunter Mattersteig, Stephan Menzer, 
Douglas Philp, Alexandra M. Z. Slawin, Neil Spencer, J. Fraser Stoddart,” 
Malcolm S. Tolley, and David J. Williams 


Abstract: A number of nanometer-scale 
molecular assemblies, based on rotaxane- 
type structures, have been synthesized by 
means of a template-directed strategy 
from simple building blocks that, on ac- 
count of the molecular recognition arising 
from the noncovalent interactions be- 
tween them, are able to self-assemble into 
potential molecular abacuses. In all the 
cases investigated, the rr-electron-deficient 
tetracationic cyclophane cyclobis(para- 
quat-p-phenylene) is constrained mechan- 
ically around a dumbbell-shaped compo- 
nent consisting of a linear polyether chain 
intercepted by at  least two, if not three, 
n-electron-rich units and terminated at 
each end by blocking groups or stoppers. 
The development of an approach toward 
constructing these molecular abacuses, in 


which the tetracationic cyclophane is able 
to shuttle back and forth with respect to 
the dumbbell-shaped component, begins 
with the self-assembly of a [2]rotaxane 
consisting of two hydroquinone rings 
symmetrically positioned within a poly- 
ether chain terminated by triisopropylsilyl 
ether blocking groups. In this first so- 
called molecular shuttle, the tetracationic 
cyclophane oscillates in a degenerate fash- 
ion between the two n-electron-rich hy- 
droquinone rings. Replacement of one of 
the hydroquinone rings-or the insertion 


Keywords 
molecular devices * nanostructures - 
rotaxanes * self-assembly * transla- 
tional isomerism 


Introduction 


The nanometer scale has been highlighted as the size regime in 
which functioning molecular devices are most likely to oper- 
ate.“] Two approaches to the construction of such devices have 
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Fax: Int. code +(171)594-5804 
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BRACCO. via Egidio Folli 50. 20234 Milano (Italy) 
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[**I “Molecular Meccano”, Part 10: for Part 9 see P. R. Ashton, R .  Ballardini, V. 
Balzani, M. Belohradsky, M. T. Gandolfi. D. Philp, L. Prodi, F. M. Raymo, 
M. V. Reddington, N. Spencer, J. F. Stoddart, M. Venturi, D. J. Williams, 
J. Am. Chem. Sac. 1996, 118,4931-4951 


of another n-electron-rich ring system be- 
tween the two hydroquinine rings-intro- 
duces the possibility of translational iso- 
merism, a phenomenon that arises 
because of the different relative positions 
and populations of the tetracationic cy- 
clophane with respect to  the rr-donor sites 
on the dumbbell-shaped component. In 
two subsequent [2]rotaxanes, one of the 
hydroquinone rings in the dumbbell- 
shaped component is replaced, first by a 
p-xylyl and then by an indole unit. Final- 
ly, a tetrathiafulvalene (TTF) unit is posi- 
tioned between two hydroqninone rings in 
the dumbbell-shaped component. Spec- 
troscopic and electrochemical investiga- 
tions carried out on these first-generation 
molecular shuttles show that they could 
be developed as molecular switches. 


been identified. One is the so-called “top-down’’ approach, 
in which bulk atomic or molecular arrays are dismantled 
down to the nanometer scale: it has been employed for 
many years as a means of miniaturizing electronic components. 
The other may be termed a “bottom-up’’ approach to the 
construction of devices that function at  the molecular level : 
it exploits the natural processes of self-assembly[21 and self- 
organizat i~n,[~I  wherein relatively simple and abundant molecu- 
lar subunits come together as a result of favorable nonco- 
valent bonding interactions, to form supramolecular arrays 
and molecular assemblies, some of which display novel func- 
t i o n ~ . [ ~ -  ’1 


In pursuing the “bottom-up” approach, it occurred to us that 
mechanically bonded molecules, in which one molecular com- 
ponent is able to move relative to another, may provide a means 
of effecting reversible and controlled switching between two 
states[’] a t  the molecular level. Specifically, we have chosen 
mechanically interlocked molecules[” 131 in the shape of the 
so-called catenanes and rotaxanes (Figure 1) and shown that 
they can be constructed using self-assembly processes based on 
the mutual recognition and interaction of n-electron-rich 
aromatic units, 7-t-electron-deficient bipyridinium units, and 
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polyether chains. Of Kg O-BO these two types of 
molecule, [2]rota- Preamble and Synthetic Strategy: The rotaxane-like orienta- 


Results and Discussion 


i-. -2 


x a n e ~ [ ' ~ ]  are more tions observed in the solid state[201 for the numerous 1 : 1 com- 
amenable to the de- plexes formed between the tetracationic cyclophaner2'I [BBIPY- [2]Catenane 


Figure t .  Schematic representations of a velopment of a BIXYCYI4' and a range of different substrates led to the 
[2]catenane and a [2]rotaxane molecular switch. In self-assembly of the first rotaxanes["] in which two molecular 


chemical terms, this components were mechanically linked by utilizing the two pro- 
type of molecule contains a linear (axle) component encircled by tocols (namely threading and clipping) already employed in the 
a macrocyclic (,t,heel) component. To prevent the wheel from self-assembly of pseudorotaxanes.["] When 5 was treated with 
readily leaving the axle, the linear component must be terminat- triisopropylsilyltriflate in MeCN (Scheme 1) containing the cy- 
ed at both ends by large blocking groups or stoppers. The intro- clophane [BBIPYBIXYCY][PF,], and lutidine (with a thread- 
duction of a variety of different recognition sites within the ing protocol) the corresponding [2]rotaxane 6.4PF6 was isolat- 
dumbbell-shaped component raises the possibility of multi-site ed in 22 YO yield, following counterion exchange. The same 
occupancy by the macrocyclic component. Such a scenario [2]rotaxane 6.4PF6 (Scheme 1) can also be formed (from 7, 
could become the basis of a switching action if the preferred site [BBIPYXY][PF,],, and 1,4-bis(bromomethyl)xylene BBB) in 
of occupation-in a dissymmetric two-site system, for ex- 14% yield by employing the clipping protocol.'"' This first 
aniple-could be rendered responsive to an electronic, a pho- generation of [2]rotaxanes lacked the dynamic behavior of their 
tonic, or protonic stimulus. We describe here the synthesis, self- [2]catenane counterparts.[' ' *  231 We soon recognized, therefore, 
assembly, and physical properties of a range of [2]rotaxanes: that one way to impart to [2]rotaxanes a similar type of mechan- 
1-4PF6, 2.4PF6, 3,4PF,, and4.4PF6, and their precursors and ical motion to that observed in those [2]catenanes was to intro- 
components (Figure 2). Somc of the results discussed in this duce two recognition sites into the dumbbell-shaped compo- 
paper have been reported in preliminary form['5-'81 and in a nent. 
review.'"] A. The First Molecular 


Shuttle: Our first approach to 
the design of a molecular 
shuttle (Scheme 2) involved 
the synthesis of a dumbbell- 
shaped compound containing 
two hydroquinone rings with- 
in a polyether chain terminat- 
ed by two triisopropylsilyl 
ether blocking groups.['51 In 
essence, this dumbbell-shaped 
compound can be regarded as 
being formed by central scis- 
sion of one of the polyether 
chains of BPP34C10 fol- 
lowed by the addition of the 
blocking groups (e.g., triiso- 
propylsilyl ethers) to the pri- 
mary hydroxyl group thus 
created (Figure 3). Hence, the 
design of this first prototype 
of a molecular shuttle can be 
related to {[2][BPP34C 101- 
[BBIPY BIXYCY1catenane)- 
(PF6j4. The dynamic proper- 
ties of the [2]catenane (Fig- 
ure 3) anticipate the shuttling 
process.["] 


Synthesis: The dumbbell- 
shaped component was syn- 


readily available diphenol 
8,[243 which was bisalkylated 
(K,CO,/DMF) with 9 to af- 
ford the diol 10 (54 YO),  which 


[2]Rotaxane 


thesized in two steps from the 


Figure 2 .  The inolecular shuttles l .4PF6 to 4.4PF,  
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Scheme 2. Synthesis of [2]rotaxane 1,4PF, 


and AgPF, (2.5 m o l e q u i ~ ) ~ ~ ~ ]  in 
MeCN at room temperature gave the 
desired [2]rotaxane 1,4PF, as a deep 
orange-colored product in 32 '/o yield 
(Scheme 2). This remarkably high 
yield is probably a consequence of 
the template-directing action of the 
two hydroquinone rings present in 
the dumbbell-shaped component 


tionic intermediate that is pre- 
sumably formed en route to the te- 
tracationic cyclophane component 
of 1.4PF6. Fast atom bombardment 
(FAB) mass spectrometry[26' and dy- 
namic 'HNMR spectroscopy were 
used to characterize this [2]rotaxane. 


N M R  Spectroscopy: Both the 'H 
and 13C NMR spectra of the 
[2]rotaxane l .4PF6 show tempera- 


ture-dependent behavior in a range of deuterated solvents. In 
the 'H NMR spectrum, we might expect to observe two sets of 
signals for the hydroquinone rings-one, possibly broad, set for 
the protons on the encircled hydroquinone ring, and a sharper 
AB-like system arising from the protons on the free hy- 
droquinone ring. However, at room temperature in 
CD,COCD, solution, a different situation is observed (Fig- 
ure 4). The usually sharp signals corresponding to the OCH, 
protons are broad, while those for the hydroquinone ring pro- 
tons are merged into the baseline between 6 = 3.5 and 6.5.[271 
Clearly, at this temperature, the [2]rotaxane is experiencing a 
number of slow exchange processes on the 'H NMR timescale. 
The position of the tetracationic cyclophane and hence its rate 
of shuttling between the two hydroquinone rings in the dumb- 
bell-shaped component can be controlled by varying the tem- 
perature. Cooling the CD,COCD, solution of 1.4 PF, down to 
223 K allowed a four-proton AABB' system centered at 
6 = 6.38 to be identified as arising from the free hydroquinone 
ring. Saturation transfer experiments under conditions of slow 
site exchange allowed us to identify a signal at ca. 6 = 3.8 for the 
protons belonging to the encircled hydroquinone ring, resonat- 
ing under the signals for the OCH, protons. The distinction 
between encircled and free recognition sites implies that shut- 
tling is slow at this temperature on the 'H NMR timescale, a fact 
substantiated by the separation of signals for the triisopropyl 
groups on the silylated stoppers and for the u- and a-bipyridini- 
um protons associated with the tetracationic cyclophane. The 
coalescence of the signals associated with these different 
'H NMR probes (Table 1) in both the dumbbell-shaped and 
tetracationic cyclophane components afforded the activation 
energy barrier (AG:) for the shuttling of the tetracationic cy- 
clophane in 1*4PF, of ca. 13 kcalmol-'. This value of AGT is 
somewhat less than that for the corresponding circumrotation 
of BPP34C 10 through the cavity of the tetracationic cy- 


2PFS 


Y 
>?-( + N  f (: CO 


b 7  


N N (0 


O )  


O1 
O3 


- during the cyclization of the trica- 0 [BBIPYXY[PF& 


Br *Br 
BBB 


1. AgPF, I MeCN 


2. NHdPF, / H20 0 
22% >di< 


Clipping 
Protocol 


was then converted by reaction (imidazole/CH,CI,) with triiso- 
propylsilyl triflate into the dumbbell-shaped compound 11 
(78%). Under template-directing conditions, the reaction of 
[BBIPYXY][PF,], with BBB in the presence of 11 (3 molequiv) 


clophane in the [2]catenane shown in Figure 3.["] When the 
same sample is warmed up to 413 K in CD,SOCD,, an eight- 
proton AA'BB' system centered at 6 = 5.16 can be identified as 
arising from the hydroquinone protons. At this temperaturc, 
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Fipure 3. The analogy hetween the circumrotation of the tetracationic cyclophane component around the crown 
ether component in a [2]catenane and the possibility of a shuttling process in ii [2]rotaxane that direckd our 
attention toward the synthesis of a molecular shuttle 


6 9:O 8:O 7:O 6.'0 5,'O 4.'0 3.0 1.0 0.0 


1;ipi-e 4. The ~ariable-tempt.ratui-e ' H N M R  spectra o f  the ['Irotaxane 1 4PF, 
rccorded a)  a[ 413 K in CD,SOCD,; b) at 298 K i n  CD,COCD,; and c) at 223 K 
in CD,COCU,. 


exchange of thc cyclophane between the two hydroquinone 
rings is fast, rendering them equivalent on the ' H N M R  
timescale. 13C NMR spectroscopy was shown in this instance to 
complement the 'H NMR experiments. In particular, the sig- 
nals for the hydroquinone ring carbons are not evident in the 
spectrum recorded in CD,COCD, at room temperature. How- 
ever, at + 75 "C in CD,CN, shuttling is "fast" and they resonate 
at 6 =1.53.1, 152.8 (C), and 115.3 (CH), whereas a t  -40°C in 
CD,COCD, shuttling is "slow" and signals are observed at 
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S = 153.0, 152.7, and 1.50.6 (C) and at 
115.3, 115.2,113.4, and 113.3 (CH).The 
site exchange process in this case is de- 
generate. Following these encouraging 
investigations of the shuttling properties 
of the degenerate [2]rotaxane 1.4PF6, it 
was obvious that we should proceed 
next to reduce the symmetry of the 
molccular shuttle. 


B. The Second Molecular Shuttle: Next, 
we argued that replacement of one of the 
two degenerate hydroquinone rings in 
1,4PF, by a unit of lower n-donating 
ability should result"'' in a [2]rotaxane 
in which the preferential population of 
one translational isomer at  low tempera- 
ture is a possibility. Onc such suitable 
candidatelZ8' for the second station is 
the p-xylyl residue, the oxidation poten- 
tial of which (+1.8 V) is somewhat 
higher than that ( f  1.3 V) of a hy- 
droquinone ring, making it a consider- 
ably poorer n-electron donor. Any pos- 
sibility of exercizing control in such a 
[2]rotaxane would result from the tetra- 
cationic cyclophane preferentially encir- 


cling the more n-electron-rich hydroquinone ring. Electrochem- 
ical control would then, in principle, be possible by oxidation of 
the hydroquinone ring to its radical cation, which should, in 
turn, Icad to the preferential encircling of thc less x-electron-do- 
nating p-xylyl ring in the dumbbell-shaped component by the 
tetracationic cyclophane. 


Synthesis: Our synthetic target becamc the [2]rotaxane 2,4PF, 
(Scheme 3). We envisaged this [2]rotaxane being synthesized 
by a self-assembly process from the dumbbell-shaped com- 


Table 1. Spectroscopic. kinetic, rind thermodynamic data [a] associated with pro- 
cesses 1 and 2 in the [2]rotaxanes 1.4PF6, 3.4PF,, and 4.4PF6. as determined by 
' H N M K  spectroscopy. 


[2]Rotaxanc Probe Solvent AIJ k ,  [a] T, AG: Pro- 
protons (Hz) (sC1) ( K )  (kcalmol- ')  cess 


[bs l  


CD,CN 
CD,CN 


CD,CN 
CD,CN 
[D,]DMF 
[D,]DMF 
[D,]DMF 
CD,SOCD, 
CD,SOCD, 
CD,CN 
CD,CN 
CD,COCD, 
CD,COCD, 


CD,CN 


7.0 
7.6 


1060 
16 
21 
32 
20 


x75 
44 
36 
76 
52 
84 
3 0 


16 
17 


2360 
35 
53 
71 
44 


1945 
9x 
80 


169 
115 
187 
80 


253 
237 
307 
253 
263 
278 
268 
373 
33X 
333 
265 
259 
274 
263 


13.3 
12.4 
13.2 
12.7 
13.0 
13.9 
13.6 
16.4 
16.8 
I6  7 
12.7 
12 6 
13.1 
13.0 


~ 


1 
1 


1 
I 


1 
1 
1 
I 
1 
1 


7 


[a] All values of AG: were obtained by the coalescence method. Values for k ,  were 
obtained [ I .  0. Sutherland, Ann. Rep. N M R  Specirosc. 1971,4,71] from the approx- 
imate expression k, = L (A11)/(2)~!~. [h] The Eyring equation was used to calcu- 
late AG: value? a t  T,. [c] Several approximations are mvolved in this serniquantita- 
tive treatment, so ACT should be viewed as  containing 10% error margins. 
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and 14, after appropriate modification, 
would then be joined together to yield the 
dumbbell-shaped compound 12. 


The polyether precursor 13 was synthe- 
sized in three steps from the known diol5 
(Scheme 4).["] Monoprotection of the di- 
01 (TBDMS/imidazole/DMF) afforded 
the alcohol 15 (38% yield). Tosylation 


tion of the resulting tosylate 16 with 4- 
tritylphenol (K,CO,/DMF), and subse- 


8 70 quent deprotection (Bu,NF/THF) 
yielded the desired alcohol 13 (44%). The 


[BBIPYXY][PF& tosylate 17 can be from the 
diol18 in four steps (Scheme 4). Monopro- 
tection (41 YO), tosylation (62%). and 
alkylation, followed by deprotection, lead 
to the alcohol 14 (56%). The synthesis of 
17 is completed by tosylation (TsCI/Et,N/ 
CH,CI,) of 14 in 62% yield. Compound 


13 14 


(TsC1/Et3N/CH2Cl2) of 15 (84 Yo). alkyla- 
12 


BBB 


AgPFs i MeCN i RT 


2.4PFs 


Scheme 3. Synthesis of [2]rotaxane 2.4PF, 


pound 12, [BBIPYXY]'+, and BBB. Our approach (Scheme 3) 
to the synthesis of the asymmetrical compound 12 required the 
synthesis of two polyether chains within which are located two 
different recognition sites. Stoppers would then be added to one 
end of each of the polyether chains. For the stoppers, we chose 
4-tritylphenol groups in preference to the triisopropylsilyl ether 
blocking groups because of the greater stability of tetraaryl- 
methane units under the range of synthetic conditions necessary 
in the subsequent synthesis. The two polyether precursors 13 


I x-0-0-0~0-0-0-Y I 
5 18 I 


I 1 


Scheme 4. Synthesis of 13 and 17. 


12 is then obtained by reaction of the two 
fragments 13 and 17 under strongly basic 
conditions (NaH/THF/reflux, Scheme 3). 


The self-assembly of the [2]rotaxane 2.4PF6 from compound 12 
and the components BBB and [BBIPYXY][PF,], can be 
achieved by stirring them in MeCN under nitrogen for 7 d in the 
presence of AgPF, (Scheme 3). After workup and purification 
by chromatography, the [2]rotaxane 2.4PF6 is isolated as or- 
ange crystals in 8 YO yield. The relatively low yield obtained in 
this particular self-assembly process is probably a reflection of 
the reduced molecular recognition between the dumbbell- 
shaped component 12 and the tetracationic cyclophane compo- 
nent formed, possibly as a result of thep-xylyl residue contribut- 
ing very little to the template effect. The low yield, however, is 
not dissimilar to those reported previously" '. 241 for related 
template-directed syntheses. 


N M R  Spectro.scopy: The 'H NMR spectrum of the [2]rotaxane 
2.4PF6 in CD,CN varies with temperature and the slow site 
exchange limit was established below 240 K for selected probe 
protons. In the discussion that follows, the protons are labeled 
according to the notation adopted in Figure 5, which depicts the 
translational isomers 1 and 2. Primes have been used to diffcren- 
tiate nonequivalent sides of the same aromatic rings within the 
cyclophane. The subscripts 1 and 2 refer to the two translational 
isomers as depicted in Figure 5.  The superscripts hand  x refer to 
protons on the phenolic rings of the terminal tritylphenyl groups 
of the polyether component depending on whether they are 
adjacent to the hydroquinone ring or the p-xylyl unit, respective- 
ly. Since dispersive interactions between the tetracationic cy- 
clophane and the n-electron-rich site account for a sizable frac- 
tion of the binding energies involved, we predicted that the 
cyclophane should encircle preferentially the hydroquinone 
ring. 


The ' H N M R  spectra recorded at 243 and 343 K for the 
[2]rotaxane 2.4PF6 are shown in Figure 6. The protons labelled 
a-i in Figure 5 were assigned to 6 values as a result of a COSY 
experiment and variable temperature 'H NMR spectroscopy. 
These experiments revealed the presence of two different trans- 
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tons on the three terminal 
phenyl rings of the tritylphenyl 
blocking groups were not well 
resolved and provided no addi- 
tional information about trans- 
lational isomerism within 
2.4PF6. The proton signals of 
the tetracationic cyclophane 
component provide informa- 
tion about its location on the 
dumbbell-shaped component. 
In particular, a t  343 K, the a- 
bipyridinium protons appear as 
one broad signal, either because 
of fast shuttling of the cy- 
clophane or  rapid spinning of 


2.4PF6 Translational Isomer 2 the bipyridinium units within 


bl 


Ann 


Translational Isomer 1 2.4PF6 


' I  


'2 


Figure S. The translational isomers 1 and 2 and the labeling of the protons of the [2]rotaxane 2.4PF6 


Trityl protondb, 
,-, 


I r ---I - 1 -  7 -~ 
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7 ---- 


6 


t i gu re  6 Vnrinble-temperature 'H  N M R  spectra of the [2]rotdxane 2 4 P t ,  recorded In CD,CN dt a) 343 K and 
b) 143 K 


lational isomers, which can be inferred from cyclophane proton 
signals and from signals arising from protons associated with 
the terminal blocking groups. Since the chemical shifts for the 
protons d:/et and d;/e; are different and relate, respcctively, to 
the presence of the cyclophane on either an adjacent hy- 
droquinone ring or on a p-xylyl unit, it is possible-from inte- 
gration of these two pairs of signals- -to deduce that there is 
70% of one translational isomer and 30% of the other. Integra- 
tion of the bcnzylic methylene signals for the protons c, on the 
unoccupied p-xylyl nucleus (not J-coupled with any other sig- 
nal, according to the COSY spectrum) indicates that transla- 
tional isomer 1. in which the tetracationic cyclophane occupies 
a position around the hydroquinone ring, is the major species 
present a t  equilibrium at  243 K. The signals pertaining to pro- 


the cyclophane on the 'H NMR 
timescale (Figure 7). However, 
at 243 K, the a-bipyridinium 
signals appear as four separate 


signals, which consist of two pairs of 
doublets present in the integrated ratio 
of 70:30 for the protons g,/g,. and g,/ 
g2,, respectively. Each translational 
isomer gives rise to  a pair of doublets 
for the a-bipyridinium protons g since 
each side of the cyclophane cxperi- 
ences a distinct environment when it is 
positioned around the unsymmetrical- 
ly located hydroquinone ring or p-xy- 
lyl nucleus in the dumbbell-shaped 
component. Protons g, and g , , ,  as well 
as g, and g,,, are related by site ex- 
change processes in which the bipyri- 
dinium units rotate around their long 
axes (Figure 7). A similar process has 
also been observed[30] in the other 
molecular shuttles discussed in this pa- 
per. Analysis of the signals for the p- 
bipyridinium protons (fj was compli- 
cated by coincidence of the signals for 
the phenylene protons ( i l  and i2j.[311 A 
COSY experiment established the cou- 
pling of the cc-bipyridinium protons (g) 


with the [j-bipyridinium protons (f) within this region of the 
spectrum. The cyclophane methylene protons (h) appear as two 
signals, hi  and h, a t  243 K, the relative integrals of which reflect 
the distribution of the cyclophane between the hydroquinonc 
ring and p-xylyl unit. A COSY experiment identified the hy- 
droquinone protons (a, and a,), since a ,  gives rise to the only 
isolated signal in the 0 = 3.0-4.0 region that is not coupled to 
another signal and, similarly, a2  gives rise to the only uncoupled 
signal in the 6 = 6.5-7.0 region. The chemical shift of the signal 
attributed to  a, a t  is = 3.36 is typicalr111 for the protons on a 
hydroquinone ring that is included within the cavity of the tetra- 
cationic cyclophane. The corresponding signal arising from the 
aromatic protons (b,) for the p-xylyl nucleus should also be 
present a t  6 = 3.0-4.0 but this signal could not be identified 
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Rotation about this axis u 


Rotation 1 1 Process 2 


Shuttling 


Shuttling Process 1 'I 


Figure 7. Diagram showing exchange processes 1 and 2 (shuttling and rotation 
processes, respectively) that constitute the site exchange processes detectable by 
'H NMR spectroscopy. The or-bipyridinium protons are labeled. 


from amongst the signals associated with the OCH, protons. 
The signal for the aromatic protons b, was assumed to lie under- 
neath the multiplet arising from protons in the trityl groups. 


The dynamic properties of this molecular shuttle were investi- 
gated by variable-temperature 'H NMR spectroscopy. The fast 
exchange limit for all the protons was reached a t  343 K (Fig- 
ure 6). Two dynamic processes (Figure 7) can operate within 
this [2]rotaxane: 1) shuttling of the cyclophane between the 
hydroquinone ring and the p-xylyl unit (process 1 in Figure 7 ) ,  
and 2) rotation of the bipyridinium units of the cyclophane 
about their long axes leading to exchange of the primed and 
unprimed protons (the rotation process 2 shown in Figure 7). 
Both of these site exchange processes could be operating simul- 
taneously in the coalesence of the two pairs of doublets associat- 
ed with the a-bipyridinium protons (g) to one broad doublet 
observed at 343 K for 2.4PF6. Consequently, it was not pos- 
sible to ascertain the energy barrier associated with processes 1 
and 2 by consideration of the variable temperature 'HNMR 
spectra of the a-bipyridinium signals (g).r321 


Reflections and an Improved Strategy: So far, we have demon- 
strated that the location within the dumbbell-shaped compo- 
nent of a new x-electron donor, the affinity of which for the 
tetracationic cyclophane is less than that of a hydroquinone 
ring, leads to the predominance of one translational isomer over 
the other. This predominance is in favor of the recognition site 
with the lower oxidation potential, that is, in the case of 2.4 PF,, 
the more x-electron-donating hydroquinone ring. The problems 
in pursuing this stratcgy are twofold: the use of a less effective 


recognition unit than the hydroquinone ring suggests that, in 
order to improve upon the relative translational isomer ratio of 
70: 30, we run the risk of lowering the overall yield obtained in 
a template-directed synthesis; furthermore, the sensitivity of the 
hydroquinone radical cation detracts from its use as an electro- 
chemically addressable species. An improved strategy for the 
construction of an electrochemically addressable molecular 
shuttle is outlined in Figure 8. Site A (the non-hydroquinone 


n 
Shuttling ;A,) + 


+I\ CN.l 


' I/ Shuttling 


Figure 8. A schematic representation of a strategy in which a better n-electron 
donor (site A) than a hydroquinone ring will be occupied preferentially by the 
tetracationic cyclophane until it is oxidized. The cyclophane, which is subjected to 
a charge-charge repulsion as well as  to the loss of any stabilizing donor-acceptor 
interactions, prefers to shuttle to the hydroquinone ring site until such time as site A 
is reduced back to its neutral state. 


site) should satisfy two criteria: it should have a larger binding 
constant with the tetracationic cyclophane than the hy- 
droquinone ring (HQ) and it should have a lower oxidation 
potential than HQ. The benefits of altering the design logic in 
this manner include 1) a potentially higher yield during the 
self-assembly of the [2]rotaxane as a result of enhanced templat- 
ing interactions and 2)  the incorporation of more electrochem- 
ically robust units into the dumbbell-shaped component. Oxida- 
tion of site A should cause the cyclophane to move to the 
hydroquinone ring. In summary, the x-electron donor chosen 
for site A must fulfil the following criteria: 1) be easily oxidiz- 
able; 2) form a stable radical cation; 3) have a small steric size 
that permits it to enter inside the rigid tetracationic cyclophane; 
and 4) have an oxidation potential different from that of the 
hydroquinone ring (at least 0.3 V less positive). The remainder 
of this discussion relates the progress we have made in realizing 
such an electrochemically controllable molecular shuttle. 


C. The Third Molecular Shuttle: A 2,3,5-trisubstituted indole 
residue was identifiedr341 as satisfying most of the criteria listed 
at the end of Section B. Since the tetracationic cyclophane is 
known to form a strong complex with tryptophan,[351 we decid- 
ed to investigate the incorporation of an indole unit into an 
asymmetric [2]rotaxane.[' 'I Initially, we examined the complex- 
ation of the model indole by cyclobis(paraquat-p-phenylene) 
(Scheme 5) .  When a molar equivalent of 24 is added to a solu- 
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[BBlPYBlXYCYl[PF,& [24.BBlPYBlXYCV][PF& 


Scheme 5 Complexation of the model indole by cyclobr~(paraquat-p-phenylene) 


tion of the tetracationic cyclophane in CD,CN, a deep purple 
color results. 'H N M R  spectroscopic data suggests that the in- 
dole ring is threaded through the macrocycle in a rotaxane-like 
manner (Table 2). 


'Table 2 'H N M R  spectroscopic evidence for complex formation between the in- 
dole derivative 24 and cyclobis(paraqua1-p-phcnylcnc) tetrakis(hexafluoro- 
phosphate) in CD,CN. 


Proton 6 Free 6 Complex A6 


h 7.13 6.33 -0 .m 
1 8 77 8.22 -0.55 


C 6.05 6.33 -0.12 
d 6.94 5.99 -0.95 
e 3.71 3.67 -0.10 
f 2.82 2.70 -0.12 
6 3.62 3.58 -0.04 
11 2.58 2.81 +0.21 
I 2.31 2.30 -0.01 


Figure 9. a) Ball-and-stick representation of the solid-state structure of [BBIPY- 
BIXYCY-2MlNJ"+ .  b) Side-on and c) end-on views of the stepped stack-like 
superstructure of the t : t complex in one of the crystallographic directions. 


X- Raj. C'I- ,vtall~)~~rayii .~ of 1 : 1 Comp1e.w jormed between Syclo- 
hisiparayuat-p-ylzeniilene~ and 2-Methylindole: Crystals suit- 
able for X-ray analysis were grown by vapor diffusion of iPr,O 
into an MeCN solution containing an equimolar mixture of 
[BBIPYBIXYCY][PF,], and 2-methylindole (2 MIN) . An inter- 
esting feature about the 1 : 1 complex is its distinctive purple 
color. The solid-state structure of [BBIPYBIXYCY. 
2 MIN][PF,], shows the 2 MIN molecule to  be inserted through 
the center of the tetracationic cyclophane with its long axis 
steeply inclined (66") to the mean plane of the cyclophane (Fig- 
ure 9 a). There is a crystallographically imposed symmetry ccn- 
tcr upon the 1 : I complex, requiring the 2 MIN molecule to be 
disordered. In addition to  this S, disorder, it is not possible to 
rule out secondary C, rotational disorder of the 2 MIN molecule 
about its long axis (this was allowed for in the structure refine- 
ment process). The overall dimensions of the tetracationic cy- 
clophanc are unchanged from those observed for the related 
T T F  complex, vide infra. The twist and bow angles for the 
bipyridinium units are 8" and 23", respectively. The disorder of 
the included indole molecule prevents a detailed analysis of any 
[C-H..  . n] or [N-H . ' x] interactions to the p-xylyl rings, 


though these are almost certainly present a t  ca. 2.7 A ([H . . x]) 
as a consequence of the tilt of this unit within the cyclophane. 
Although the geometry of this 1 : 1 complex is very similar to 
that of the T T F  analogue, the supramolecular structure is differ- 
ent. The TTF complcx crystallizes in the triclinic space group 
P?, whereas the 2MIN complex has monoclinic crystal symme- 
try with space group P2,/n and is, a t  the crystallographic level, 
isomorphous with a range of simple complexes involving the 
tetracationic cyclophane.[201 In this latter structural arrange- 
ment, the tetracationic cyclophanes are stacked in the crystallo- 
graphic u direction and have the encapsulated 2 MIN molecules 
co-aligned (Figures 9 b and c). The approximate distancc bc- 
tween the methyl group on the five-membered ring and the 
center of the nearest facing indole C-C bond within the stack is 
4.7 A compared with 4.9 A in the TTF analogue. The 11-xylyl 
units of adjacent stacks are in a stepped and sheared arrange- 
ment with an interplanar separation of 3.2 8, and a centroid- 
centroid separation of 4.9 A. Pairs of methylene hydrogen 
atoms in one stack are directed into the n-system of the p-xylyl 
ring of an adjacent stack and vice versa ([H.. .TI] distance, 
3.0 A). There is no stacking relationship between the bipyridini- 
um units. 
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Synthetic Strutegy : We argued that the tetracationic cyclophane 
should preferentially occupy the indole unit within the dumb- 
bell-shaped component of a [2]rotaxane comprising an indole 
unit and hydroquinone ring. Oxidation of the indole unit to its 
radical cation should result in the transfer of the tetracationic 
cyclophane to the hydroquinone ring. Thus, our synthetic target 
was identified as the [2]rotaxane 3.4PF, containing one indole 
unit and one hydroquinone ring incorporated within a pol yether 
chain terminated by tetraphenylmethane stoppers (Scheme 6). 
We envisaged that this [2]rotaxane might be self-assembled from 
the dumbbell-shaped compound 25, BBB, and [BBIPYXYI- 
[PF,], using template direction. It was anticipated that 25 would 
be constructed by a Fischer-indole procedure[361 from the Boc- 
protected hydrazine 26 and the ketal 27 in which the two pro- 
tecting groups are removed in situ prior to the two fragments 
combining to form the indole system in one step. 


Synthesis: The synthesis of the fragment 26 was achieved in four 
steps from the commercially available 4-benzyloxyaniline 28 
(Schemes 7 and 8). Diazotization (NaNOJHCl) of 28 followed 
by reduction (SnC1,) gave the corresponding hydrazine 29 as the 
hydrochloride salt i n  75 YO yield overall. Protection ((tBoc),O/ 
MeOH, 45 YO) of the hydrazine, followed by removal (H,/Pd/C/ 
MeOH/CHCl, 1 : 1,91 YO), of the benzyl ether protecting group 
from 30 gave the phenol 31. Reaction (K,CO,/DMF) of this 
phenol with the tosylate 33 (derived from 4-tritylphenol follow- 
ing its base-promoted (K,CO,/MeCN) reaction with chloro- 
ethoxyethanol 9 to give 32, which was subsequently tosylated 
(TsCl/ NEt,/CH,CI,)) gave 26 in 46% yield. The ketal 27 was 


i, NaN02/ HCI 


ii, SnCI2 


HO Hz Pd on c phCH20 


9 CHCl3 I MeOH 


91 Yo 
NHNH(t-Boc) NHNH(t-Boc) 


31 30 


+ -  
Scheme 7. Preparation of 31 


obtained in a single step (51 YO yield) by the reaction of 13 and 
5-chloro-2-pentanone ethylene ketal 34 under strongly basic 
conditions (NaH/THF, Scheme 9). The synthesis of 25 was 
completed in 51 YO yield by coupling the ketal 27 and hydrazine 
derivative 26 under mild conditions (1 O/o HCl/aq. EtOH; 
Scheme 6). 


The [2]rotaxane 3.4PF, was self-assembled (Scheme 6) from 
the dumbbell-shaped compound 25, BBB, and [BBIPYXYI- 
[PF& in MeCN solution under template-directing conditions in 
9 YO yield. FABMS of 3.4PF6 showed the presence of a peak at 
m/z = 2271 consistcnt with the loss of one hexafluorophosphate 
counterion from the [2]rotaxane. 


1% HCI HzOiEtOH 51% + 
\ n r  
0 0  


25 


nnn 'o* 0 0 0 0 -  


BBB 9 Yo 
AgPF6 / MeCN / RT 


[BBIPYXY][PF& 


A A A  
0 0 0  


Scheme 6. Synthesis of the [2]rotaxane 3-4PF6 containing one indole unit and one hydroquinone ring incorporated within a polyether 
chain terminated by tetraphenylmethane stoppers. 


Chem. Eur. J. 1997, 3, N o .  7 X; VCH Vevlu~.sjir.s~~N.s~liu/1 mhH, 0 4 9 4 5 1  Wrinhrrm. lYY7 0Y47-653Y/Y7/0307-112f $ f 7 3 +  .50/0 1121 







FULL PAPER J. E Stoddart et a1 


T n n  
0 0 OH 


66% TSCl I Et3N I CHzC12 I 0  "C I 
HO 


9 nnn 
0 0 0 OTs 


NHN H ( ~-Boc) 
31 


L I 


KzC03 I DMF 46% I 
nnn 


NHNH(t-Boc) 


nnn 


NHNH(t-Boc) 


Schcmc 8. Synthesis of the fragment 26. 


1 NaHiTHF 51% 
Me-c' 


34 
A 


Translational Isomer I 


I 


f CDsCN I 
'I 'k Translational Isomer I1 


Figure 10. The translational isomers I and 2 and the labeling of the protons in the [2]rotaxane 
3.4PF,, 


Scheme 9. Synlheris of ketal 27. 


' H  N M R  Spectroscopy: The assignment of the proton reso- 
nances in 3.4PF6 was made in CD,CN. The 'H N M R  spectrum 
recorded in this solvent varies with temperature and the slow site 
exchange limit was established below 230 K for all protons. In 
the discussion that follows, the protons are labeled according to 
the notation in Figure 10. Primes have been used to differentiate 
constitutionally identical protons on opposite sides of the tetra- 
cationic cyclophane. The subscripts i and h refer to protons on 
thc phenolic rings of the terminal tritylphenyl groups of the 
dumbbell-shaped component, depending on whether they are 
adjacent to the indole nucleus or hydroquinone ring, respec- 
tively. 


The complete 'HNMR spectrum recorded at  233 K for 
3.4PF6 is shown in Figure 11. The protons labeled a-1 in Fig- 
ure 10 were assigned by a COSY experiment, which revealed the 
presence of only one translational isomer at low tcmperature. 
Examination of the COSY spectrum indicates an uncoupled 
signal resonating at 6 = 3.38 (labeled a in Figure lo), which is 
characteristic of a hydroquinone ring included within the cavity 
of the tetracationic cyclophane. This observation, in combina- 
tion with the essentially unchanged chemical sh i f t s4ompared  
with those in the dumbbell-shaped compound 25-for signals 


Tritv Protons 


10.0 9:O 8:O 7:O 6:O 5:O 4:O 3:O 2 h  


Figure 1 1  Variable-temperature 'H NMR spectra of the [2]rotaxane 3.4PF6 
recorded in CD,CN at a) 343 K and b) 233 K. 


arising from the protons on the indole nucleus, indicates that the 
tetracationic cyclophane encircles the hydroquinone ring almost 
exclusively a t  low temperature. The protons on the phenolic 
rings of the tritylphenyl blocking groups appear as only two 
AB-like systems, again reflecting the close to  exclusive occupa- 
tion of only one of the two possible donor sites within the 
dumbbell-shaped component of 3 ,4PF, .  The signals for the 
other aromatic protons on the tritylphenyl blocking groups 
were not so well resolved and provided no additional informa- 
tion about the positioning of the cyclophane component within 
the [2]rotaxane. 


The location of the cyclophane component in 3 .4PF6 is also 
indicated by the signals for the a- and 1-bipyridinium protons ( j  
and i, respectively) on the tetracationic cyclophane (Figure 11). 
At 343 K,  protons j and i resonate as single doublets at S = 9.11 
and 7.47, respectively, on account of rapid rotation of the 


~~ ~ 


1122 - rc VC'H I/i-rlu~,sXrscll.ssrhufi mhH, 0-69451 W?inhrim, 1997 OY4?-653YIY7/0307-lt22 $ l7.50+ .50/0 Clwnr. Eur. .I 1997. 3, No. 7 







Molecular Shuttles 1113-1135 


bipyridinium units within the cyclophane component on the 
'H NMR timescale (Process 2, Figure 7). At the slow exchange 
limit at 233 K, two separate doublets of equal intensity are ob- 
served for both bipyridinium protons as a consequence of the 
nonequivalcnce of the two edges of the cyclophane when it 
encircles the unsymmetrically located hydroquinone ring within 
the dumbbell-shaped component. The methylene protons (k) 
and phenylene protons (I) in the cyclophane both appear as one 
signal at 243 K; this again reflects the fact that only onc transla- 
tional isomer is populated in 3.4PF6 at this temperature. The 
calculated free energy barriers for process 2 are listed in Table 1. 
The average AG* value of 12.9 kcalmol- ' is identical with that 
observed for the same process in the TTF shuttle 4,4PF, in 
CD,CN. It should be stressed that the temperature dependence 
of the 'H NMR spectrum of 3.4PF6 can only be interpreted in 
terms of the operation of process 2 since only one translational 
isomer is populated at low temperature.[371 


Reflections arzdConclusion: Thus, although the indole unit is the 
more n-electron-rich site, it is also the more sterically demand- 
ing and so the hydroquinone ring is includcd preferentially with- 
in the cyclophane. The low yield observed in the self-assembly of 
3,4PF, most probably reflects not only the nonideal nature of 
the central polyethcr chain but also the steric hindrance encoun- 
tered by the developing tetracationic cyclophane. Obviously, the 
decisive preference for this rotaxane to yield the "unwanted" 
translational isomer meant that this system was not suited to 
electrochemical control. 


D. The Fourth Molecular Shuttle: An initial study of the bind- 
ing of a range of different substrates with the tetracationic cy- 
clophane receptor allowed us to identify other potential binding 
sites in [2]rotaxanes from a broad range of n-electron-rich sub- 
strates. One such substrate, which was found to have a high 
affinity for the tetracationic cyclophane[201 and which also dis- 
plays highly reversible redox behavior at low potentials,[381 is 
tetrathiafulvalene (TTF). Mixing equimolar mixtures of 
[BBIPY BIXYCY][PF,], and TTF in MeCN produces an emer- 
ald-green solution as a result of the charge-transfer interactions 
between the x-electron-rich TTF unit and the x-electron-defi- 
cient tetracationic cyclophane. Two methods were used to calcu- 
late the value of K, for the equilibrium shown in Scheme 10.r391 
A spectrophotometric t i trati~n[~']  performed at 854 nm in 
MeCN yielded a value for K, of 8 0 3 0 f 5 3 5 ~ - '  for the 1 : l  
complex (Scheme 10) formed between [BBIPYBIXYCY][PF,], 
and TTF, while a dilution rnethodI4'] based on 'HNMR chem- 
ical shift data gave a value for K, of 7190 f 9 7 0 ~ - '  for the same 
equilibrium in MeCN. 


r 


[BBlPYBIXYCYl[PF6], [rrF.BBIPYBlXYCY][PF& 
Scheme 10. Equilibrium between [BBIPYBIXYCY][PP,], and T T F  in MeCN 


2'-Ray Crys[a/bgraphy of a I : I Complex,fi,rmed between Cyclo- 
his(parayuat-p-phenylene) and Tetrathiafulvalene: Crystals suit- 
able for X-ray structural analysis were grown by vapor diffusion 
of iPr,O into solutions containing an eyuimolar mixture 
of [BBIPYBIXYCY][PF,J, and TTF in MeCN. The 
[BBIPYBIXYCY .TTF][PF,], complex is green both in solu- 
tion and in the solid state. The X-ray structural analysis of 
[BBIPYBIXYCY .TTFJ[PF,], revcals the TTF molecule to be 
inserted centrosymmetrically through the tetracationic cy- 
clophane with its long axis steeply inclined (66') to the mean 
plane of the cyclophane, which has overall dimensions of 6.9 
and 10.3 A (Figure 12a,b). There are characteristic twisting and 
bowing distortions within the tetracationic cyclophane, that is, 
9" twists between the pyridinium rings and a 25" inclination of 
the two N-CH, bonds. Within thc 1 : l  complex, the distance 
from each of a diametrically opposite pair of TTF sulfur atoms 
and their proximal p-xylyl ring centroids is 3.31 A. The 1 : 1 
complexes pack to form stacks (Figure 12c) that extend in all 


Figure 12. a) Ball-and-stick representation of the aolid-state structure of [BBIPY- 
BIXYCY .TTF]'+. b) Side-on and c) end-on views of the stepped stack-like super- 
structure of the 1 : 1 complex in one of the crystalloyrapliic directions. 
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three crystallographic directions. In the a direction, continuous 
channels are present within the long axes of the TTF molecules 
and are co-aligned, the shortest inter-TTF [CH, . . . CH,] dis- 
tance being 4.9 A. In the h direction, the bipyridinium units 
within adjacent tetracations are arranged to form a stepped 
stack with a mean interplanar separation of 3.2 and a cen- 
troid-centroid separation of 5.5 8,. In the c direction, a similar 
stepped stacked arrangement is formed between adjacent p-xy- 
lyl units in neighboring complexes. The interplanar separation 
between the p-xylyl units is 3.2 A and their centroid-centroid 
separation is 5.1 A. Accompanying this latter sheared arrange- 
ment, one of the methylene hydrogen atoms of one cyclophane 
is directed toward thep-xylyl face of another and vice versa. The 
[H . . n] distance, however, is somewhat 
long at 3.08, and can only represent 
a very wcak but cooperative pair of 
[C--H . . . n] interactions.[421 


Synrhetic Strategy: The rotaxane-like 
orientation of TTF when it is included 
within the cavity of the tetracationic cy- 
clophane (Figures 12a,b) makes the in- 
troduction ofa  TTF unit into the dumb- 
bell-shaped component of a [2]rotaxane 
attractive. We selected a bis(2- 
oxypropy1enedithio)TTF derivative for 
this purpose;'431 the hydroquinone ring 
was chosen as the less n-clcctron-rich 
unit. An efficient synthesis of a dumb- 
bell-shaped compound containing the 


of identical fragments and, in addition, may favor occupation of 
the central TTF unit by the tetracationic cyclophane in the 
[2]rotaxane 4,4PF, since the optimum n-stacking interactions 
are possible between n-donors and n-acceptors in this transla- 
tional isomer. We envisaged self-assembling the [2]rotaxane 
4.4PF6 using template direction in a similar procedure to 
that already employed for the synthesis of the [2]rotaxanes 
1 -3.4PF6. 


Synthesis: The fragment 35 may be prepared (Schemes 12 and 
13) in eight steps starting from the mixture of diastereoisomers 
of the I ,3-benzylidene acetal 37.[441 2-Phenyl-5-hydroxy-I ,3- 
dioxane 37 was alkylated (Scheme 12) with t-butylbromoacetate 


1 
Ph 


38 b 
Scheme 12. Synthesis of 40a,b. 


I 
Ph 


40 b 


TTF and hydroquinonc unit was from fragment 35, which self- under phase transfer conditions (NaOH/Et,NBr/PhMe/H,O) 
couples in the presence of triethyl phosphite to yield the dumb- to yield (37%) two diastereoisomeric esters of 2-phenyl-5-[2- 
bell-shaped compound 36, in which a hydroquinone ring is (tert-butoxy)-2-oxoethoxy]-l,3-dioxane (38 a,b), which could be 
located on each side of the TTF nucleus. The outlined approach separated by column chromatography (SO,: EtOAc/light 
(Scheme 11) is convenient in that it involves the coupling petroleum, 1 :4).  Although both diastereoisomers 38a and 38b 


58% 1 P(OEt)3 / 110 "C 


1. Br 4 - 6  r 
BBB 


DMF / 9 kbar / RT / 4 days 


i [BBIPYXY][PF& 8 Yo 


Scheme 11. Synthesis of ['Irotaxanr 4.4PF6 


are equally suitable for use in sub- 
sequent syntheses, we chose to 
proceed only with the trans-iso- 
mer 38a, reducing it to the corrc- 
sponding alcohol 39a (LiAIH,/ 
THF, SOo/) ,  which was then 
converted (TsCl/Et,N/CH,CI,) 
to its tosylate 40a in 89% yield. 
This tosylate becomes the link be- 
tween the alcohol 13 and the 2- 
oxypropylene-4,5-dithio-2-one-I1 
3-dithione unit. Reaction (NaH/ 
THF) of 40a with 13 afforded 
the intermediate 41 in 97% 
yield (Scheme 13). The benzyli- 
dene protecting group was then 
removed (H,SO,/EtOH/H,O, 
71 Yo) from 41, giving the corre- 
sponding diol 42, which was 
converted (TsCI/Et,N/CH,CI,, 
Y4'1/0) into its ditosylatc 43. Reac- 
tion of 43 with the dithiolate di- 
anion, derived from the saponifi- 
cation (NaOMe/MeOH/PhH) of 
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OH 13 
TsOAO~,($Ph r 97% 


NaHITHFI  40a A L, r- OAOm,($-Ph 41 


71% 
5% H2S04 


TsCl / NEt3 / CH2CI, 1 94% 


NaOMe I 


44 


Scheme 13. Synthesis of 35. 


dibenzoyl-4,5-dithi0-1,3-dithiol-2-thione[~~~ afforded the 2- 
oxypropylene-4,5-dithio-l,3-dithiol-2-thione derivative 44 in 
81 % yield. Conversion (H~(OAC),/ACOH/CHCI,) of 44 into its 
keto analogue provided the desired fragment 35. Coupling of 35 
(Scheme 11) in neat triethyl phosphite at 110°C afforded the 
required TTF-containing dumbbell-shaped compound 36 as an 
orange oil in 58 % yield. 'H  NMR spectroscopy reveals that this 
product exists as a mixture of two diastereoisorners, which we 
were unable to separate by - 


processes are occurring on the 'H NMR timescale. In CD,CN, 
[D,]DMF, CD,NO,, and CD,COCD,, all the resonances arc 
broad at ambient temperature as a consequence of these ex- 
change processes. At ambient temperature in CD,SOCD,, 
howevcr, a well-resolved spectrum is observed as a result of slow 
exchange. Presumably, the activation encrgies of the various 
exchange processes are larger in CD,SOCD, , compared with 
those observed in the other solvents investigated as a conse- 
quence of the much higher viscosity of CD,SOCD,. A detailed 
discussion of the 'HNMR spectroscopic behavior of 4.4PFti 
will be confined to studies carried out in [D,]DMF, since the 
wide temperature range (223-410 K) afforded by this solvent 
enabled a complete analysis of all the different exchange pro- 
cesses. In the discussion that follows, the aromatic protons have 
been labeled with letters according to the notation described in 
Figure 13. Primes have been used to differentiate nonequivalent 
sides of the same aromatic rings within the cyclophane. The 
numerical subscripts 1 and 2 refer to the two translational iso- 
mers as depicted in Figure 13. The superscripts x and y refer to 
hydroquinone ring protons within translational isomer 1 that 
are and are not encircled by the tetracationic cyclophane, re- 
spectively. The signals for the SCH,, OCH and OCH, groups 
were broad and complicated and so provided little information 
about the behavior of the tetracationic cyclophane within the 
[2]rotaxane. 


The full 'H NMR spectra of 4.4PF6 in [D,]DMF recorded at 
223, 298, and 338 K are shown in Figure 14. The signals associ- 
ated with protons a-e were assigned by means of a COSY 
experiment, which revealed that the tetracationic cyclophane 
exists in two different environments. For example, the 
methylene protons (e) of the cyclophane resonate (Figure 14) as 
two singlets of unequal intensity at 6 = 6.02 and 6.17. Integra- 
tion of these two signals affords the relative populations of the 
major and minor translational isomers. Examination of the sig- 
nals for the bipyridinium protons provides a means of determin- 
ing which of the two translational isomers 1 or 2 predominates. 
The c(- and /I-bipyridinium protons, labeled b and c, both res- 
onate as three signals at 223 K.  In each case, two of these three 


column chromatography. 
The corresponding [2]rota- 


xane 4.4PFti was self-assem- 
bled (Scheme 11) by subjecting 
the dumbbell-shaped com- 


Translational Isomer 1 


A 1  
7 1  


pound 36, BBB, and 
[BBIPYXYJ[PF,J, to a pressure 
of 9 kbar in DMF at room tem- 
perature for 96 h. After workup 
and counterion exchange, the 
[2]rotaxane 4.4PFti was isolat- 
ed as small orange crystals in 
8 % yield.[461 0 
MMR Specrroseopy: The 
'H NMR spectrum of 4'4PF, is 
both solvent- and temperature- 
dependent. Examination of 
spectra in different solvents re- 
veals that a number of exchange 


'd, 


+* + 


Translational Isomer 2 


Figui-e 13. The translational isomers 1 and 2 and the labeling of the protons of the [2]rotaxane 4 4PF,. 
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T Table 3. Chemical shifts of selected protons in the [Ilrotaxane 4.4PF6 in various 
deuterated solvents. 


Proton CD,SOCD, CD,CN [D,]DMF CD,COCD, 
(300 K) (243 K) (223 K) (233 K) 


a; 3.29 3.46 3.65 3.62 
a:, a, 6.82 6.75 6.89 6.77 
b , ,  Y.52 8.75 9.58 9.31 
b ,  9.61 8.88 9.63 9.40 
b, 9.25 8.98 9.87 - 
C1. x.49 7.54 5.53 8.08 
CI  8.60 1.73 8.61 8.29 
c2 8.22 7.99 8.94 - 
d ,  7.81 1.13 8.11 8.03 
d*  7.88 1.73 8.02 8.03 
e ,  5.75 5.55 6.00 6.00 
e2 5 75 5.55 6.15 6.00 


4-Tritylphenyl 
di I d z  protons 


CD,CN, at 233K in CD,COCD,, and at 300K in 
CD,SOCD,. In CD,NO,, the slow exchange limit could not be 
attained before the freezing point (ca. 248 K) of the solvent was 
reached. The 'H NMR spectra obtained in these solvents at the 
indicated temperatures were similar to that recorded in 
[D,]DMF at 223 K, except for some changes introduced by the 
different relative populations of translational isomers 1 and 2 as 
determined by integration of the signals for the bipyridinium 
protons b and c. The relative populations of these isomers in the 
range of solvents at  room temperature are listed in Table 4. 


6 9.0 8.0 7.0 6.0 5.0 4.0 3.0 


Figure 14. Variable-temperature 'H NMR spectra of the [2]rotaxane 4.4 PF, 
recorded in [D,]DMF at a) 223 K, b) 298 K,  and c) 338 K .  


Table 4. Relationship between solvent and population oC translational isomers I 
and 2 at 300 K .  signals are of equal intensity and one is of lesser intensity. The 


larger pair of signals corresponds to translational isomer 1 and 
arises as a result of the nonequivalence of the two edges of the 
cyclophane in this translational isomer. Rotation of the bipyri- 
dinium units around their long (N . . N) axes allows the pair of 
bipyridinium protons in both the a and b positions to exchange 
environments. A COSY spectrum at 223 K established an AB- 
likc coupling pattern for the cx- and /I-bipyridinium proton sig- 
iials in the two translational isomers. By warming the sample, it 
is possible (Figure 14) to observe coalescence of signals b, and 
b,. and of signals c1 and c, , .  The activation energy for this site 
exchangc process is considerably less than that for the shuttling 
of the cyclophane between hydroquinone ring sites as discussed 
subsequently. Consequently, the lower energy exchange process 
was assigned to rotation of the bipyridinium units around their 
long (N . . N) axes, which can only be observed in or around the 
encrgy minimum associated with translational isomer 1. Intc- 
gration of the signals for protons b and c indicates (Figure 14) 
that the ratio of translational isomers 1 :2 is 71 :29 in [D,]DMF 
at 300 K .  


The tcmperature-dependent behavior of the proton reso- 
nances a-e also provides useful information about the kinetics 
of the shuttling process. At 223 K,  the hydroquinone ring pro- 
tons a: and a; resonate as two singlets at 6 = 6.89 and 3.65, 
respectively. A NOESY spectrum shows that these protons are 
related by a site exchange process. In translational isomer 2, the 
hydroquinone ring protons az resonate at  6 = 6.89. The chcmi- 
cal shifts of the protons a-e of 4.4PF6 in a variety of deuterated 
sohents at the slow exchange limit are listed in Table 3. In the 
other deuteratcd solvents investigated, the slow exchange limit 
was observed at the following temperatures: at 243 K in 


Solvent Isomer 1 Isomer 2 


CD,SOCD, 67 33 
[D,]DMF 71 29 
CDJN 88 12 
CD,NO, 93 7 
CD,COCD, 1 on 0 


The dynamic properties of this molecular shuttle were investi- 
gated by variable-temperaturc 'H NMR spectroscopy in all the 
deuterated solvents already mentioned. The fast exchange limit 
for all the signals capable of undergoing exchange could be 
obtained in [D,]DMF. In order to calculate an activation energy 
barrier for process 2, the signals for protons a; and a; were 
employed as probes. It was not possible to employ the line- 
broadening to calculate activation energies for pro- 
cess 2 on account of the coincidence of the signals associated 
with the triylphenyl groups with those for protons a: and also 
the signals for protons a; with those for OCH, protons. In order 
to achieve coalescence of the signals arising from protons a; and 
a:, a field of 270 MHz was used. All other coalescence tempera- 
tures (T,)  were obtained with a spectrometer operating at 
400 MHz. Thcy are listed in Table 1 along with the limiting 
chemical shift differences (Au), the rate constants (k,) at Tc, and 
the derived activation energy for processes 1 and 2. 


The activation energy for process 1 is relatively low in all 
solvents except CDJOCD, considering the steric constraints 
imposed on such a process by the threaded polyether chain of 
the dumbbell-shaped component. The shuttling proccss 2 is as- 
sociated with a higher activation energy than was observed in 
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0.07 - 


0.01 - 


the simple molecular shuttles, for example, 1 ‘4PF,. This obser- 
vation is not unreasonable, given the steric constraints to shut- 
tling imposed by thc TTF moiety. It is important to note that it 
is only because of the significant difference in the activation 
energies between these two processes that they can be measured 
independently and identified. Although the lower activation en- 
ergy process 1 was also investigated in other deuterated solvents 
(Table I) ,  coalescence of signals associated with a; and a:, cor- 
responding to process 2, was not possible on a high field spec- 
trometer in these solvents as a consequence of their lowcr boil- 
ing points, relative to that of [D,]DMF. In CD,SOCD,, the 
activation energy for process 1 was found to be much larger 
than those observed in the other solvents; this may result from 
the much higher viscosity of CD,SOCD, . Presumably, pro- 
cess 2 has a similarly elevated activation energy in CD,SOCD, 
relative to that observed in [DJDMF. No activation energies for 
the shuttling process were measured in CD,NO, since the slow 
exchange limit could not be reached before this solvent froze at 
- 25 T. 


f. g.! i 
b *  & i 


a ‘  c. 


UV/Visihle Spectroscopy: The complex [TTF. 
BBIPYBIXYCY]IPF,J, is green with a chai-ge-transfer band po- 
sitioned at 854nm.‘201 This band is well separated from the 
intrinsic absorbances of the TTF nucleus, which ‘‘tail’’ into the 
visible region. When considering the molecular shuttle 4,4PF,, 


Abs 


OAO 1 
0.48 
0’64 I\. 
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Figure 15. Partial UV/Vis spectrum of the 
[2]rotaxane 4.4PF6 in Me,SO, showing the 
charge-transfer (CT) band at cil. 750 nm. 
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Figure 16. The relationship between ah- 
sorbance (Abs) of the C T  band at 750 inn and 
the percentage occupation of the translational 
ibomers ofthe[2)rotaxane 4.4PP6 deterniincd 
by integration of the H NMR spectra record- 
ed in different solvents at  room temprature. 


clophane. Figure 16 shows the 
‘H NMR measurement (see Table 


the relative population 
of the TTF-occupied 
translational isomer, 
that is, isomer 2, can be 
derived from the ab- 
sorbance of the charge- 
transfer band at 
~ 7 5 0  nm (Figure 15). 
For equimolar solu- 
tions of 4 ‘4 PF, in a va- 
riety of solvents, how- 
ever, comparison of 
absorbances at this 
wavelength cannot be 
relied upon as a direct 
measurement of the rel- 
ative TTF occupation, 
since the extinction co- 
efficient of the charge- 
transfer band may well 
vary with solvent. 
However, integration 
of the ‘H NMR spectra 
in these solvents pro- 
vides an absolute mea- 
sure of the TTF occu- 
pation by the cy- 


relationship between the 
I) and the absorbances of 


equimolar solutions (0.15mM) of 4.4PF6 in these solvents. A 
reasonable correlation is observed, which implies that the ex- 
tinction coefficient of the charge-transfer band does not vary 
significantly in these solvents. In view of this result, the ab- 
sorbance of  4,4PF, in the 600-700 nm region was measured in 


other solvents that are not commonly available in deuterated 
forms. These absorbances for equiinolar solutions (0.1 5 mM) 


have been plotted (Figure 17) against the Kamlet-Taft n-scale 
of solvent p~larisabil i ty.[~~] 
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Figure 17. The relationship between absorbance (Abs) of the CT hand i i t  750 nm of 
the [2]rotaxane 4.4PF, and solvent polarizability as determined by the Kanilctt - 
Taft R scale; a = T H F ;  b = hepta-3,5-dione: c = butan-2-one; d = Me,CO. 
e = nBuCN;  f = MeCN; g = 1,2-dlchloroethnne; h = tetramethylurea, i = 
MeNO,; j = 7-butyrolactone; k = DMF: I = 1-methyl-2-pyrrolldinone: m = 


Me,SO. 


Conclusion and Rejlections: The general conclusion from this 
investigation i s  that enhanced occupation of the TTF site in 
4-4PF6 is favored in more polar solvents, which may be due to 
the relative contributions of dispersive and clectrostatic forces 
to the binding of thc tetracationic cyclophane with the TTF unit 
and hydroquinone rings. Previous binding studies‘”. be- 
tween the cyclophane and various hydroquinonc derivatives 
have shown that the presence of polyether chains in the sub- 
strate is a major factor in determining the magnitude of associ- 
ation constants in these systems. This trend reflects the ability of 
these polyether chains to interact with the quaternary nitrogen 
centers on the cyclophane, giving rise to sizablc clectrostatic 
contributions, including [C-H . . .O]  hydrogen bonding, to the 
binding energy. However, in substrates which havc a longcr 
aromatic core, such as 4,4‘-biphenyl derivatives, the presence of 
polycther chains has a negligible effect on the binding properties 
with the tetracationic cyclophane. Presumably, this outcome is 
a result of the inability of the polyether chains to interact with 
the bipyridinium rings of the cyclophane in these systems on 
account of steric factors. Consequently, it is reasonable to as- 
sume that electrostatic interactions are not a major contributor 
to the overall interaction of the cyclophane with the TTF unit. 
In general, polar solvents will reduce this electrostatic contribu- 
tion to binding energies by competing more effectively for the 
solvation of the bipyridinium units. Polar solvents will therefore 
favor TTF over hydroquinone occupation by reducing the non- 
covalent bonding interactions in the case of the hydroquinone 
rings, whilst not particularly affecting the interactions with the 
TTF unit. 


E.Toward Controlling the Shuttling: All three rotaxanes 2,4PF,, 
3.4PF6, and 4.4PF, display rich electrochemistry on account of  
the redox active character of the n-donor residues in the dumb- 
bell-shaped components and the 4,4‘-bipyridinium groups in the 
cyclophane component. All the studies described in this paper 
were carried out in MeCN at room temperature with tetrabutyl- 


Chcm Eur. J.  1997, 3, No. 7 !I> VCH ~~rlu,i..s~e\i~ll,schlrfl mhH, 0.69451 Weinhcim, 1997 0947-6539197i0307-1127 S 17.50+ 50!0 1127 







FULL PAPER J. F. Stoddart et al. 


ammonium hexafhorophosphate (0.1 M) as  supporting elec- 
trolyte. Measurements were made by means of a glassy carbon 
working electrode, a platinum counter clcctrode and Ag/AgCl 
reference electrode. In the discussion, redox couples are quoted 
vs SCE. 


Anodic Window: Analysis of the anodic electrochemical behav- 
ior of each rotaxane is aided by comparison with the corre- 
sponding polyether species from which the rotaxanes are 
derived. In the case of rotaxanes 2.4PF6, 3-4PF6, and 4.4PF6, 
the available anodic window is limited to  potentials below 1.5 V 
vs. SCE due to the irreversible oxidation at ca. 1.6 V of the 
terminal tritylphenyl residues. The dumbbell-shaped compound 
12, from which 2.4PF6 is derived, displays a reversible oxida- 
tion wave ( E l , , ,  1310 mV vs. SCE), whilst 2.4PF6 itselfdisplays 
an analogous redox couple a t  1355 mV under the same condi- 
tions. In both compounds, the process corresponds to oxidation 
of a hydroquinone ring. The anodic shift of 45 mV observed for 
2.4PF, relative to 12 reflects the presence of the positively 
charged cyclophane in the former spccies, which discourages the 
introduction of further positive charges into the assembly. The 
anodic window of the indole-based [2]rotaxane 3 .4  PF, and the 
dumbbell-shaped compound 25 from which it is derived show 
an irreversible oxidation (ca. 1100 mV vs SCE), corresponding 
to the indole nucleus. 


The dumbbell-shaped compound 36 from which the TTF- 
based [2]rotaxane 4.4 PF, is derived displays three oxidation 
waves (Figure 18) corresponding to two successive one-electron 


‘ I  


-7 
00 Potential (V vs AgIAgCI) 1 5  


kigiire 18 A co~np~irison between the modic c y ~ l i ~  voltammogram of the dumb- 
bell-shaped compound 36 nnd the [2]rotaxane 4 4PF,, 


oxidations of the TTF nucleus and a two-electron oxidation of 
the hydroquinone rings. This description is supported by the 
comparative current levels for each oxidation wave with the 
most anodic wave being roughly twice that of the other waves. 
Comparison of 36 with 4.4PF6 (Table 5 and Figure 18) indi- 
cates that, in the [2]rotaxanc, the first oxidation wave of the 
TTF nucleus is shifted to a more positive potential by 35 mV 
whilst the second one is shifted by only 5 mV. This observation 
suggests that the shuttling movement of the cyclophane is ham- 
pered by oxidation of the TTF nucleus. Hence, the first TTF- 
centered oxidation results in an increased energy barrier to the 
p m g e  of the cyclophane along the thread and thus causes the 
cyclophanc to bc effectively tethered at a hydroquinone site. 
Consequently, the second oxidation wave of the TTF nucleus in 


‘Table 5 .  Anodic values vs. SCE of the [2]rotaxane4.4PF6 and thedumbbell-shaped 
coiiipound 36. 


Species E ,  (mv) E, (mv) E ,  ( m v )  


4.4 I’F6 605 900 1330 
36 570 895 1325 


4,4PF, is perturbed to a lesser extent than the first, relative to 
the analogous processes observed in 36. A similar Observation 
has been made in a chemically and electrochemically control- 
lable molecular shuttle that contains benzidine- and biphenol- 
derived species as the n-donor residues in the pol yether compo- 
nent.[491 Interestingly, in contrast to 36 the third oxidation wave 
of 4.4PF6 exhibits less than twice the current level of either of 
the preceding oxidation waves-an observation which indicates 
that, in the [2]rotaxane, the cyclophane is forced to occupy a 
hydroquinone ring after oxidation of the TTF nucleus. It has 
been shown previously that a hydroquinone ring that is included 
within the cavity of the cyclophane is oxidized at  considerably 
more positive potentials (> 1.5 V) than the free species. Thus, 
the cyclic voltammogram of 4.4 PF, provides information 
about the average position of the cyclophane within the assem- 
bly, before, during and after oxidation of the TTF nucleus. The 
present observation provides a further example, based on the 
oxidation of a different redox active species, of electrochemical- 
ly induced control of the shuttling processes in rotaxanes. 


Cathodic Window: The cathodic electrochemistry of the rotax- 
anes is dominated by the reduction of the two bipyridinium 
units in the macrocyclic tetracationic cyclophane. The parent 
macrocycle undergoes two consecutive two-electron reductions 
in MeCN, with E,/,  values of -0.296 and -0.734 V vs SCE. 
The first potential corresponds to the uptake of one electron by 
each bipyridinium unit in the cyclophane (cyclophane4+/cy- 
clophane’ + redox couple), whilst the second potential corre- 
sponds to the cyclophane2 +/cyclophane couple. 


The reduction processes of the cyclophane components of 
[2]rotaxanes 2.4PF6, 3.4PF6, and 4.4PF6 are more complicat- 
ed than those described for the parent cyclophane in that, in 
most cases, both the first and second two-electron reduction 
waves are resolved into discrete single electron processes, having 
AEl i2  values of < I0  mV. It has been shown by Nicholson and 
ShainLSol that it is possible to  determine the half-wave potential 
for overlapping voltammetric waves in multistep charge-trans- 
fer reactions. By using cyclic voltammetry to obtain the peak 
half-width and the working curves of Myers and Shain,[”’ 
which wcre later extended by Richardson and Taube,[521 we 
determined the potential differences between the individual mo- 
noelectron reductions of the bisparaquat derivatives. These re- 
sults are shown in Tables 6 and 7. 


The cathodic voltammetric responses of 2,4PF,. 3,4PF,, 
and 4.4PF6 are shown in Figure 19. The resolution of the simul- 
tancous two-electron processes of the parent cyclophane into 
overlapping single-electron waves in the [2]rotaxanes may re- 
flect an enhanced degree of communication between the two 
bipyridinium units of the tetracationic cyclophane as  a result of 
an included n-donor residue within the cyclophane cavity. Alter- 
natively, the observation of single electron waves could conceiv- 


1997 l~Y47-~53Y~~7/0307-1128 $ /7.50+.50jO Clwm. Eur. J 1991. 3, .No. 7 







Molecular Shuttles 1113-1135 


Table 6. First reductioii waves vs. SCE of the [2]rotaxanes 2.4PF6. 3.4PF6, and 
4.4 PF, . 


2 4PF, 154 132 - 429 -300 -410 
3 4Pb6 101 90 -285 -200 -270 


- 4 4PF, 70 - 330 


[a] AE,, = peak-to-peak separation of overlapping waves; Ep - Ep12 = half-width 
of two step voltammetric wave; E,(cath) = most cathodic peak. 


Table 7. Second reduction waves vs. SCE of the [2]rotaxanes 2.4PF6, 3.4PF,, and 
4.4PF6. 


2.4PF6 81 76 -x35 -70 -825 
3.4PF<, 101 86 -712 -630 -700 
4.4PF6 143 129 - 858 -735 -840 


Potential (V vs Ag/AgCI) O'O - 1  1 


Figure 19. Cathodic cyclic voltammograms 
of the [2]rotaxanes a) 2-4PF6, b) 3.4PF,, 
and c) 4.4PF6 illustrating the effects of the 
dumbbell-shaped components on the reduc- 
tion of the tetracationic cyclophane in each 
case. 


ably reflect the pres- 
ence of different cy- 
clophane populations 
within the rotaxane as- 
sembly. This explana- 
tion may seem reason- 
able since two different 
n-donor sites are 
present in the dumb- 
bell-shaped component 
of each rotaxane. How- 
ever, a similar resolu- 
tion of the first two- 
electron reduction 
wave of the cyclophane 
has been observed in 
simple rotaxanes that 
contain benzidine and 
p-phenylenediamine n- 
donor groups respcc- 
t i ~ e l y , [ ~ ~ ]  but which are 
unable to display trans- 
lational isomerism. 
The observation of re- 
solved redox couples in 
a host-guest system 
consisting of a fer- 


rocene-based cryptand, whose redox behavior is responsive to 
alkali metal ion binding, can be accounted for without invoking 
kinetic effects.[541 However, this behavior is dependent on a very 
large binding constant ( z 2  x IO'M-')  between the host and 
guest species, whilst the association constants between the tetra- 
cationic cyclophane and the various n-donor species present in 
the dumbbell-shaped components of rotaxanes 2.4PF6, 
3.4PF6, and 4.4PF6 are no greater than 1 0 4 ~ - ' .  The precise 
qualities of the included n-donor species that result in enhanced 
communication between the bipyridinium units in the tetraca- 
tionic cyclophane are as yet unclear. An explanation has not 
been found for the significant anodic shifts of the reduction 


waves associated with 3.4 PF, relative to the other rotaxanes 
reported here and, indeed, other rotaxanes described in previous 
studies." 


Conclusions 


We have synthesized, by template-directing methods in the final 
step, and evaluated, by a range of spectroscopic and electro- 
chemical methods, four molecular shuttles in the form of 
[2]rotaxanes. Variable temperaturc 'H  NMR spectroscopic 
studies in [D,]DMF of the [2]rotaxane 4.PF6 (wherein cyclobis- 
(paraquat-p-phenylenc) is the cyclic component and thc 
polyether chain containing two hydroquinone rings positioned 
around a tetrathiafulvalene residue and terminated by tetraaryl- 
methane stoppers constitutes the dumbbell component) have 
established unequivocally the existence of two dynamic process- 
es in this particular system: namely 1 )  shuttling of the tetraca- 
tionic cyclophane along the dumbbell-shaped component and 
2) rotation of the bipyridinium units of the cyclophane around 
their long N-N axes. The relative site occupancy of the tetraca- 
tionic cyclophane on the dumbbell-shapcd component of this 
molecular shuttle shows considerable solvent dependence as re- 
vealed by 'H NMR and visible absorption spectroscopy. More- 
over, electrochemical control of the shuttling process in the 
[2]rotaxane has been demonstrated in MeCN at room tempera- 
ture. Our research on controllable molecular shuttles continues. 


Experimental Section 


General Methods: Chemicals were purchased from Aldrich and used as re- 
ceived. Solvents and reagents were purified by literature methods where 
necessary.["] D M F  was distilled from calcium hydride under reduced pres- 
sure, MeCN and CH,CI, were distilled from calcium hydride while tetrahy- 
drofuran (THP) was heated and collected under reflux over Na/benzophe- 
none under nitrogen. NaH was used as a 50% dispersion in mineral oil, which 
was washed with light petroleum before use. 2-Phenyl-5-hydroxy-I ,3-diox- 
aneI"1 and [BBIPYXY][PF,],[' were preparcd according to  published pro- 
cedures. Reactions requiring ultra-high pressure were carried out in Teflon 
vessels in a custom-built ultra-high pressure reaction vessel. manufactured by 
PSIKA Pressure Systems Limited (Glossop, UK) .  Thin-layer chromatogra- 
phy (TLC) was carried out on aluminum or  plastic plates, coated with Mer- 
ck 5735 Kieselgel 60F. Developed plates were dried and scrutinized under a 
UV lamp. Column chromatography was performed on Kieselgel60 (0.040- 
0.063 mm, Merck 9385). Melting points were determined with an Elec- 
trothermal 9200 melting point apparatus and are uncorrected. Mass spectra 
(MS) were recorded on a Kratos Profile spectrometer (EIMS and CIMS) or 
on a Kratos MS 80 R F  spectrometer (FABMS), the latter being equipped with 
a saddle-field source (Ion Tech) operating at 8 keV with a krypton or xenon 
primary atom beam in conjunction with a 3-nitrobenzyl alcohol matrix. FAB 
Mass spectra were recorded in the positive-ion mode at a scan speed of 30 s 
per decade. Liquid secondary ion mass spectometry (LSIMS) was carried out 
on  a VG-Zab Spec mass spectrometer (accelerating voltage. 8 kV: resolution, 
2000). Spectra were recorded in the positive ion mode at a scan speed of 5 s 
per decade. High resolution mass spectra (LSIMS) were obtained from a VG 
Zab Spec triple fociising mass spectrometer operating at a resolution of 5000 
and voltage scanning with CsI a s  a reference. 'H NMR spectra were recorded 
on a Bruker AC300 (300 MHz) or Bruker AMX400 (400 MHz) spectrometcr 
(with deuterated solvent as lock and residual solvent or  tetramethylsilane as 
internal reference). "C N M R  spectra were recorded on a Bruker AC300 
(75.5 MHz) or AMX400 (100 MHz) spectrometer with the JMOD pulse 
sequence in most cases. Microanalyses were performed by the University of 
Sheffield Microanalytical Services. The cyclic voltammetry experiments were 
performed under a purified nitrogen atmosphere. Nitrogen gas was also used 
to  purge all solutions before use. Routinely, a constant concentration of 
1 x 1 0 - 3 ~  of electroactive species was used. The supporting electrolyte was 
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0.1 M TBAPF,. Measurements were performed with a small (1 inL), single- 
compartment cell obtained from Cypress Systems (Lawrcnce, KS). A disk 
glassy carbon electrode (0.0079 cm') and a platinum wire were used as work- 
ing and counter electrodes, respectively. All potentials ( 
as the average of the corresponding anodic and cathodic peak potentials. 


I, I I-Bis{4-(2-(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)e~oxy)phenoxy}-3,6,9- 
trioxaundecane (10): A solution of 1 , I  l-bis{4-hydroxyphenoxy}-3,6,9-triox- 
aundecane 8 (2.04 g, 5.4 mmol) in dry D M F  (10 mL) was added over 3 5 min 
to :I suspension of K,CO, (5.96 g, 43.2 mmol) in D M F  (10 mL). The mixture 
was stirred for 2 h before a solution of 9 (3.64 g, 21 .6 mmol) in D M F  (30 mL) 
was added over 15 min. The reaction mixture was stirred at 80°C for 6 d. 
Aftcr cooling to room temperature, the reaction mixture was filtered, and the 
solid residue washed with D M F  (10mL). The combined organic extracts 
were evaporated in vacuo. and the residue was dissolved in CH,Cl, (20 mL), 
waihed with dilute H C I ( ~ N ,  15 mL), and finally with H,O (2 x 15 mL). The 
organic phase was dried (MgSO,) and the solvent was evaporatcd in yilcuo. 
Purification of the residue by column chromatography (SO,,  5 %  MeOH- 
EtOAc) gave 10 as a white solid (1.87.g. 54%): m.p. 58 61°C; FABMS: 
m; 642 ( 1 \ 4 ~ ) ;  ' H N M R  (CDCI,): b = 2.83 (brs, 2 H ) .  3.55-3.60 (m, 4H) ,  
3.62-3.75 (m. 20H), 3.76- 3.83 (ni, XH), 4.00-4.10 (m, 8H) ,  6.80 (s, 4H). 
6.81 ( s ,  4 H ) ;  " C  NMR(CDC1,): 5 = 61.9, 62.0, 68.8, 70.4. 71.1, 71.3, 71.4. 
116 3, 154.0, 154.1; HRMS calcd for C,,H,,O,, (M)': 642.3245; found 
642.3251. 


I ,  1 1 -Bis{4-~2-(2-(2-(2-triisopropylsilyloxyethoxy)ethoxy)ethoxy)ethoxy)- 
phenoxy}-3,6,9-trioxaundecane (1  1):  A solution of triisopropylsilyl ti-iflate 
(2.33 g. 7.29 mmol) in dry CH,Cl, (10 mL) was added over 10 min to a 
solution of 10 (1.56 g. 2.43 mmol) and imidazole (558 mg, 8.20 mmol) in 
CH,CI, (15 mL) cooled to 0-5 "C. The reaction mixture was stirred at room 
temperature for 2 h and then washed with H,O ( 2  x 5 mL). After drying 
(MgSO,), the solvent was removed in vacuo and the residue was purified by 
column chromatography (SiO,, light petroleum then 40 Yo EtOAc-light 
petroleurn) to yield 11 (1.X2 g, 78%) as a colorless oil: FABMS: m / z  956 
(M +); ' H N M R  (CDCI,): 6 = 1.00-1.07 (m, 42H), 3.53 (t. 4H,  J = 5.0 Hz). 
3.55-3.62 (m, 16FI), 3.72-3.80 (m, 12H),  3.99-4.02 (m, 8H),  6.82 (s, 8H) ;  
I3C NMR (CDCI,): ?I =12.0, 14.2, 60.3, 63.0, 68.1. 69.8, 70.7, 70.8. 70.9, 
72.8. 115.6, 153.1. 173.0; anal. calcd for C,,H,,0,,Si2: C 62.86, H 9.49; 
found: C 62.55, H 9.78. 


{ ~2~-~1,11-Bis{4-~2-(2-(2-(2-tr~~sopropylsilyloxyethoxy)ethoxy)ethoxy)ethoxy)- 
phenoxyf-3,6,9-trioxaundec~ne~~S,l2,19,26-tetra~zonia~ 1.0.1 .Olparacyclo- 
phanelrotaxane}telrakis(hexafluorophosphate) ({(2l-(IlI-iBBIPYBIXYCYl- 
rotaxane)lPF,I,, 1.4PF6): A solution of [BBTPYXY][PF,], (187 ing. 
0.26 mmol), 1.4-bis(bromomethyl)benzene (70 mg, 0.26 mmol), I 1  (760 mg, 
0.79 mmol), and AgPF, (164 mg, 0.65 mmol) in dry MeCN (10 mL) was 
stirred at room temperature in the dark for 7 d. The mixture was centrifuged 
to remove the precipitate (AgBr). and after decantation the solvent was 
evaporated and thc residue suspended in CH,CI, (3 x 10 mL), being cen- 
trifuged each time. The organic extracts were evaporated in vacuo and the 
rcsidue washed several times with Et,O. The residue was then purified by 
column chromatography [SO,, MeOH/2y NH,CI/MeNO, (7:2: l)]. The 
rotaxanc-containing fractions were combined and evaporated in vacuo with- 
out heating. The residue was partitioned between MeNO, (10 mL) and H,O 
(5 mL). and saturated aqueous NH,PF, (5 mL) was added. The organic 
phase was washed with saturated aqueous NH,PF, (2 x 5 mL). The solvent 
was removed in vacuo without heating, and the residue was suspended in 
H 2 0  (2 x 5 mL), then MeOH (2 x 5 mL), and finally dried to  yield 1.4PF6 as 
a red solid (172mg, 32%):  in.p.>28Oc'C; FABMS: ndz 1910 (M- PF,,)'. 
1765 ( M  - 2PF,,) ; 'H NMR (CD,CN) at 293 K :  ii = 1.00-1.05 (m, 42H), 
3.58-3.65 (m, XH). 3.68-3.88 (m, 32H), 5.69 (s, RH), 7.75 (d, 8H,  


6 = 12.6, 18.3, 63.X. 65.6, 68.1, 70.6, 71.2, 71.4, 71.6, 73.4, 126.8, 131.8, 137.7, 
145.7. 147 4: HRMS calcd for C,,H,,,N,O,,F,,Si,P, ( M  - PF,)': 
1909.7472; found 1909.7497; calcd for C,,HI2,N,O,,F,,Si,P, 
(M - 2PF6)+: 1764.7831; found 1764.7936. 


~=7.n~z).7.77(s.8~),8.9o(d,~~,.1=7.n~~); ~ ~ C N M R ( C D , C O C D , ) :  


1-1 2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy}-4-{2-(2-(2-?~u~-hutyidimethyisil- 
oxyethoxy)ethoxy)ethoxy)}benzene (15) : A solution of icrt-butyldiinethylsilyl 
chloride (0.5 g. 3.34 mmol) in D M F  (10 mL) was added over 10 min to a 
solution of 5 (1.0 g. 2.67 mmol) and imidazole (0.45 g, 6.7 mmol) in D M F  
(10 mL) cooled to 0- 5 "C .  The reaction mixture was stirred at room temper- 


aturc for 3 h and the D M F  then removed in vacuo at 90 'C. The residue was 
extractcd into CH,CI, (20 inL) and washed with H,O (3 x 5 mL). After 
drying (MgSO,), the solvent was removed, and the residue washed with cold 
light petroleum (4 x 5 mL). Further purification was achieved by column 
chromatography (SO,,  50 % EtOAc/CH,CI,) to yield 15 (0.5 g, 38 Yo) as a 
colorless oil: FABMS: mlz 488 ( M ' ) ;  ' H N M R  (CDCI,): b = 0.07 (s, 6 H ) ,  
0.89 (s, 9H) ,  2.50 (brs, l H ) ,  3.54-3.79 (m, 16H),  3.81 -3.87 (m, 4H). 
4.05-4.12 (in, 4H),  6.84 (s, 4 H ) ;  ',C NMR (CDC1,): 6 = - 5.3, 18.3, 25.9. 
61.6,62.7,68.0,69.8, 70.3.70.7, 70.8,72.6, 115.6, 153.0, 153.2;anal.calcdfor 
C,,H,,O,Si: C, 58.50; H. 9.82; found: C, 58.68; H, 9.22. 


I-{ 2-(2-(2-teut-Butyldimethylsiloxyethoxy)ethoxy)ethoxy}-4-{2-(2-(2- 
(toluene-p-sulphonyloxy)ethoxy)ethoxy)ethoxy}henzene (16) : A solution of to- 
syl chloride (4.0 g, 21 mmol) in CH,Cl, (30 mL) was added over 15 min to a 
stirred solution at 0 'C of 15 (8.1 g, 16.6 mmol), Et,N (5.0 g, 49.8 mmol) 
and DMAP (50 mg, 0.04 mmol) in CH,CI, (80 mL). After standing at 4 -C 
for I5  h,  the reaction mixture was poured onto ice and then extracted with 
dilute aqueous HCI ( 3 ~ ,  2 x 10 mL) and H,O (2 x 10 mL). The organic phase 
was dried (MgSO,) and the solvent removed. Column chromatography 
(SiO,, 50% light petroleumiCHCI,, then CHC1,) afforded 16 as a colorless 
oil (8.95 g, 84%);  FABMS: in/ .  642 ( M ' ) :  ' H N M R  (CDC1,): b = 0.06 
(s, hH) ,  0.91 (s, 9H). 2.43 (s, 3H), 3.55-3.86 (m, 1811). 3.97-4.04 
(m,4Hf,4.08-4.12(m,2H),6.84(~,4H),7.34(d,2H,.J= 8.0Hz),7.81 (d, 


68.8,69.3,69.9, 70.7,70.8, 73.0, 115.6, 128.0, 129.X, 133.1. 144.8, 153.1, anal. 
calcd for C31H,,0,0SSi: C 57.92, H 7.84, S 4.99; found: C 57.61, H 7.72. 
s 5.10. 


~H,J=~.OHZ);'~CNMR(CDC~,):~= -5.2,18.4,21.6,25.9.62.7,68.1. 


I-{ 2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy}-4-{ 2-(2-(2-hydroxy- 
eth0xy)ethoxy)ethoxy)benzene (13): A solution of 16 (10.8 g, 17.5 mmol) in 
D M F  (30 mL) was added to a vigorously stirred mixture of tritylphenol 
(5.0 g, 14.9 mmol) and anhydrous K,CO, (5.1 g, 36.9 mmol) in D M F  
(40 mL) at 70 C.  The reaction mixture was stirred at 70 ' C  for 96 h before 
being filtered and reduced in vacuo. The residue was extracted into CH,Cl, 
(50 mL) and washed with a saturated aqueous NaCl solution (3 x 20 mL), 
followed by H,O (2 x 20 mL). The organic phase was then dried (MgSO,) 
and the solvent removed in vacuo. The residue was taken up into NBu,F in 
T H F  (1 M, 20 mL) and the solution stirred for 3 h. The solvent was then 
removed in vacua and the residue taken up into CH,CI, (30 mL) and washed 
with H,O (3 x 15 mL). After drying (MgSO,), the solvent was removed in 
vacuo, and the crude oil purified by column chromatography (SO,,  EtOAc) 
to yield 13 as a white solid (5.12 g, 44%): m.p. 8% 89'C; FABMS: 177:: 692 
( M ' ) ;  ' H N M R  (CDCI,): 6 = 2.43 (brs, 1 H), 3.65-3.78 (m, 12H). 3.80 
3.91 (m,6H),4.03-4.16 (iii,bH),6.79(d,2H, J = 9.0 Hz),6.83(~,4H).7.10 
(d, 2H,  . I =  9.0 Hz), 7.14-7.24 (m, 15H); I3C N M R  (CDC1,): b = 61.8, 
64.3, 67.3, 68.1, 69.8, 69.9, 70.4, 70.8, 72.5, 113.4, 115.6. 125.9, 127.4. 131.1. 
132.2, 139.2, 147.1, 153.1, 153.2, 156.8, anal. calcd for C,,H,,O,: C 74.54. 
H 6.98; found: C 74.27, H 7.07. 


1,4-Bis{ 1 -(2-(2-hydroxyethoxy)ethoxy)ethoxy}methyl}benzene (18) : Sodium 
metal (2.54 g, 110.2 mmol) was dissolved in triethylene glycol (150 mL) at 
40-C. 3,4-Bis(bromomethyI)benzene (14.5 g, 55.1 mmol) was then added as a 
solid and the mixture stirred and heated at 40'C for 30 h before H,O 
(I50 mL) was added. This mixture was extracted with CH,CI, ( 4 x  100 mL). 
the combined organic extracts dried (MgSO,), and the solvent removed in 
vacuo. The residue was purified by column chromatography (SiO,, 50% 
Me,CO/CH,Cl,) to yield 18 as a colorless oil (33.5 g, 60%);  FABMS: m,: 
402 (hi'+); ' H N M R  (CDCI,): 6 = 3.00 (t, 2H ,  J =  6.5 Hz), 3.50--3.70 (m, 
24H), 4.48 (s, 4H),  7.28 (s, 4H);  "C N M R  (CDCI,): 6 = 61.4, 69.3, 70.2, 
70.4, 70.5, 72.6, 72.9, 127.8, 137.4; HRMS calcd for C,,,H,,O, (A4 + H)+: 
403.2349; found 403.2333. 


1-1 I-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)methyl}-4-{ 1-(2-(2-(2-tevt- 
butyldimethylsiloxyethoxy)ethoxy)ethoxy)methyl}ben~ene (19): The monosi- 
lyl ether 19 was prepared in 41 % yield from 18, employing a procedure 
similar to that described for 15. White solid; m.p. 56-58 C ;  MS: m z  516 
(M+): ' H N M K  (CDCI,): 6 = 0.07 (s, 6H), 0.89 (s, YH), 2.60 (brt. 1 H),  
3.54-3.80 (m, 24H), 4.55 (s, 4H),  7.31 (s, 4H) ;  I3C NMR (CDCI,): 


127.8. 137.5, 137.7: anal calcd for C,,H,,O,Si: C 58.50, H 9.82; found: C 
58.68. H 9.22; HRMS calcd for C,,H,,O,Si (M + H)' :  517.3197; found 
51 7.31 94. 


6 = - 5.3, ix.3,25.9,61.6, 62.7,69.3,69.4,70.3,70.6, 70.7,72 6, 72.7. 73.0. 
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1 -{ 1-(2-(2-(2-(Toluene-p-sulphonyloxy)ethoxy)ethoxy)ethoxy)methyl}-4-{ 1-2- 
(2-(2-tevt-butyldimethylsiloxyethoxy)ethoxy)ethoxy)methyl}henzene (20) : The 
tosylate 20 was prepared in 62 % yield from 19, employing a procedure similar 
to that described for 16. Colorless oil; MS: m / z  670 ( M ' ) ;  'HNMR (CD- 
el3): 6 = 0.07 (s, 6H),0.89 (Y, 9H), 2.44 (s, 3H). 3.53 3.71 (m, 20H). 3.77 
(t,2H.J=4.5Hz),4.15(t,2H,.I=4.5Hz),4.84(~,2H),4.56(~,2H),7.31 
(s, 4 H ) ,  7.33 (d, 2H,  J=X.OHz), 7.80 (d, 2H, J = 8 . 0 H z ) ;  " C  NMR 
(CDC1,): 6 = - 5.2. 18.4, 21.6, 26.0, 62.7, 68.7. 69.3, 69.4, 70.6, 70.7, 72.7, 
73.0, 127.8, 128.0, 129.8, 130.3. 133.1. 137 6, 137.7, 144.8. 


I-{ 1-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)methyl}-4-{ 1-(2-(2-(2-(4-trityl- 
phenoxy)ethoxy)ethoxy)ethoxy)methyl}henzene (14): The alcohol 14 was pre- 
pared in 86% yield from 20, employing a procedure similar to that described 
for 13. White solid; m.p. 38-39,'C; FABMS: m/z 720 ( M t ) ;  ' H N M R  
(CDCI,): 6 = 2.51 ( l H ,  bt, J = 5.0Hz), 3.60-3.77 (m, 20H), 3.85 (t. 2H,  
J =  5.0Hz),4.10(t, 2 H , J =  5.0 Hz), 4.46(s,4H), 6.79(d, 2H,  J =  8.5 Hz), 
7.09 (d, 2H,  J = 8 . 5 H z ) ,  7.19-7.25 (m. ISH), 7.31 (s, 4H); I3C NMR 
(CDCI,): 6 = 61.7, 64.3, 67.3, 69.4, 69.8. 69.8, 70.4, 70.6, 70.7, 70.8, 
72.6, 73.0, 113.4, 115.36, 125.9, 127.4, 127.9, 129.9, 131.2, 132.2, 137.8, 
137.8, 139.2, 147.1, 156.8; HRMS calcd for C,,H,,O, ( M ) + :  720.3662; 
found 720.3668; anal. calcd C,,H,,O,: C 74.97, H 7.27; found: C 74.52, 
H 7.22. 


1 -{ 1-(2-(2-(2-(Toluene-p-sulphonyloxy)ethoxy)ethoxy)ethoxy)methyl}-4-{ 142- 
(2-(2-(4-tritylphenoxy)e~hoxy)ethoxy)ethoxy)methyi~benzene (17): The tosy- 
late 17 was prepared in 74% yield from 14, employing a procedure similar to 
that described for 16, chromatography (CHCIJEtOAc; 9: 1). White solid; 
FABMS: m/z 874 (M ' ) ;  ' H N M R  (CDCI,): 15 = 2.43 (s, 3H), 3.59-3.79 (m, 
18H), 3.84 (t, 2H,  J=6 .0Hz) ,  4.15 (t, 2H. J = 6 . 0 H z ) ,  4.09 (t, 2H, 
J = 6.0 Hz), 4.53 (s, 2H),  4.86 ( s ,  2H). 6.79 (d, 2H,  J = 8.5 Hz), 7.09 (d, 2H,  
J =  8.5 Hz), 7.14-7.34(m, 21 H), 7.79 (d,2H,  J =  8.0 Hz); I3CNMR (CD- 
Cl,): 6 = 21.6, 53.4, 64.3, 67.3, 68.7, 69.2, 69.4, 69.5. 69.8, 70.6, 70.7, 70.8, 
70.9, 73.0, 113.4, 125.8, 127.4, 127.8, 128.0, 129.8, 131.1, 132.2, 133.1, 137.6, 
137.7, 339.1, 144.7, 147.0, 156.8; anal. calcd for C,,H,,O,,S: C 71.37, H 
6.68; found: C 71.08, H 6.78. 


I -{4-[ 1 -(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-l7- 
{4-[ (2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)methyl~phenylmethoxy}- 
3,6,9,12,15-pentaoxaheptadecane (12): A solution of 13 (0.53 g, 0.76 mmol) in 
dry THF ( 5  mL) was added dropwise to a stirred suspension of NaH (84 mg, 
50% in  mineral oil, washed previously with light petroleum, 1.13 nimol) in 
refluxing dry THF ( 5  mL) under nitrogen. The mixture was refluxed for 2 h 
before a solution of 17 (0.67 g, 0.76 mmol) in dry THF ( 5  mL) was added 
dropwise. The mixture was heated under reflux for a further 16 h before being 
cooled to room temperature. Excess of NaH was quenched by addition of a 
few drops of H,O, and the solvent then removed in vacuo and the residue 
partitioned between CH,Cl, (20 mL) and H,O (10 mL). The organic phase 
was washed with dilute HCl (2N, 10 mL) and H,O (10 mL), dried (MgSO,), 
and then concentrated in vacuo. The residue was washed with hot EtOH 
(3 x 10 mL) and then recrystallised from Et,O to afford 12 as a white solid 
(0.84g, 78%); m.p. 62-63°C; FABMS: m/z  1395 ( M ' ) ;  'HNMR 
(CD,COCD,): b = 3.55-3.66 (m, 32H), 3.74-3.81 (m, 8H),  4.00-4.05 (m, 
4H).4.07-4.11 (m,4H),4.49(s,2H),4.50(~.2H),6.82-6.87(m,8H),7.08 
(d, 4H. J = 8.0 Hz), 7.16-7.28 (m, 30H). 7.30 (s, 4H); I3C NMR (CDCI,): 
6 = 64.4, 67.4, 68.1, 69.3, 69.5, 69.8, 70.0, 70.5, 70.7, 70.9, 73.0, 113.5, 115.7, 
125.9, 127.8, 127.9, 131.2, 132.2, 137.7, 137.8, 139.2, 147.1, 153.2, 156.8;anal. 
calcd for C,8H98015: C 75.72, H 7.08: found: C 75.60, H 7.04. 


{[2~-~1-{4-~1-(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethoxy)phenoxy}-17- 
{44 (2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy)methyl~phenylmethoxy~- 
3,6,9,12,15-pentaoxaheptadecane115,12,19,26-tetraazonia[ 1.0.l.Olparacyclo- 
phanelrotaxane} tetrakis(hexatluorophosphate) ({[21-[12)1BBIPYBIXYCY]- 
rotaxane}[PF,I,, 2.4PF6): A solution of [BBIPYXY][PF,], (0.59 g, 
0.84 mmol), 1,4-bis(bromomethyl)benzene (0.22 g, 0.84 mmol), the dumb- 
bell-shaped component 12 (2.50 g, 1.79 mmol), and AgPF, (0.53 g, 
2.09 mmol) in dry MeCN (20 mL) was stirred at room temperature in the 
dark for 7 d. The orange solution was filtered to remove the precipitate 
(AgBr) and the solvent was then removed in vacuo. The residue was dissolved 
in THF (30 mL) and insoluble material removed by centrifugation. After 
decantation, the solvent was removed in vacuo. The residue was dissolved in 
EtOAc (30mL) to which Et,O (10mL) was then added. On standing 
overnight a red solid precipitated, which was removed by filtration. The 


filtered material was dissolved in Me,CO (1 mL) and purified by column 
chromatography (SO,, MeOH/MeNO,/sat. aq. NH,PF, (32:7: I ) .  The ro- 
taxane-containing fractions were combined and evaporated in vacuo without 
heating. The residue was partitioned between EtOAc (10 mL) and H,O 
( 5  mL). The organic phase was washed with H,O (2 x 5 mL) and Et,O added 
dropwise until the onsct of turbidity. On standing overnight a red precipitate 
was formcd, which was separated by centrifugation and dried under vacuum 
(0.5 mbar, 7 0 T ,  15 h) to afford 2.4PF, as an orange solid (162 nig. 8%);  
m.p.>2SOCC: FABMS: m/z 2350 ( M  - PF6)+. 2205 ( M  - 2PF,)+. 2060 
( M -  3PF6)'; 'HNMR(CD,CN, at 233K: S=2.82--4.11 (in, 52H).445 
(d, 2.8H), 5.50-5.75 (m, 8H),  6.08-6.29 (2d, 2H) ,  6.63-7.11 (in, 7.2H), 
7.11-8.37 (m, 34H), 8.38-8.83 (m, 16H), 8.50-8.76 (2d. 4H).  8.83-8.94 
(2d, 4H);  I3C NMR (CD,CN): 6 = 52.2, 55.3, 65.7, 68.3, 70.2, 70.6, 70.8, 
71.2, 71.3, 71.6, 114.2, 114.3, 126.9, 127.2, 128.7. 131.6, 131.7, 132.8. 137.8, 
145.6, 147.3, 148.2, 148.3; HRMS calcd for C,,,H,,,N,O,,F,,P, 
(M ~ PF,)+: 2349.8458; found 2349.8543; calcd for C i 2 ~ H i , ~ ~ N , 0 , , F , , P ,  
( M -  2PF6)': 2204.8816; found 2204.8881; anal. calcd for 
C,2,H,30N,0,,P,F,,: C 59.66, H 5.25, N 2.24; found: C 59.36. H 8.02. 
N 2.19. 


4-Benzyloxy-(N-te~t-hutoxycarhonyl)phenylhydrazine (30): To a solution of 
4-benzyIoxyphenylhydra~ine~~~' 29 (2.75 g, 11.0 niniol) and Et,N (2.22 g, 
22.0 mmol) in MeOH (30 mL) was added di-(trrt-buty1)dicarbonate (2.6 g, 
12 mmol). The mixture was heated under reflux for 1 h and cooled to room 
temperature. The solid materials were removed by filtration and the  filtrate 
reduced. The residue was washed with light petroleum (3 x 15 mL) and H,O 
(3 x 15 mL), then dried (MgSO,). The solid was then recrystallized from 
hexane to afford 30 as a white solid (1.55 g, 48 %); m.p. 97 99 "C; MS: n7jz 
314(Mt) ;  'HNMR (CDCI,): 6 =1.47 (s.9H). 5.02 (s, 2H) ,  6.80(d. 2H,./,, 
9.5 Hz),  6.91 (d, 2H,  JAB 9.5 Hz). 7.30-7.42 (m. 5H);  I3C NMR (CDCI,): 
6 = 28.3, 70.6, 81.1, 114.6, 115.8, 127.5. 127.8. 127.9. 128.6, 137.4. 142.5, 
153.5, 156.4, anal. calcd for C,,H,,N,O,: C 68.77, H 7.05. N 8.91; found: 
C 68.64, H 6.81, N 8.51. 


4-Hydroxy-N-(tert-hutoxycarbonyl)phenylhydrazine (31): A solution of 30 
(1.50 g, 4.7 mmol) in EtOH (200 mL) was subjected to hydrogenolysis 
(10% Pd/C, 500mg) at room temperature for 4 h. After filtration 
(Celite), the filtrate was concentrated to leave a solid residue, which was 
washed with Et,O (3 x 30 mL) to yield 31 as a white solid (0.92 g. 91 O h ) ;  m.p. 
167-168°C (decomp.); MS: m/r 224 ( M i ) :  ' H N M R  (CDCI,): 6 =1.51 
(brs, 9H),  6.39 (brs, l H ) ,  6.76 (d, 2H),  7.18 (d, 2H); I3C NMR (CDCI,): 
6 = 28.3, 70.6, 81.1, 114.6, 115.8, 127.5, 127.8, 128.5, 128.6. 137.4, 142.5. 
153.5. 156.4; HRMS calcd for C,,H,,N,O, ( M ) ' :  224.1161; found 
224.1162. 


2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethanol (32): A mixture of 4-trityl- 
phenol (30 g, 89 mmol), chloroethoxyethoxyethanol(9,30 g, 178 mmol), and 
anhydrous K,CO, (30 g, 217 mmol) in D M F  (250 mL) was stirred at 70 "C 
for 48 h. The reaction mixture was cooled to room temperature and filtered, 
and the solvent removed in vacuo. The residue was partitioned between 
CH,CI, (200 mL) and H,O (200 mL). The organic phase was separated and 
washed with dilute HCI ( 2 ~ , 2  x 100 mL), H,O (2 x 100 mL), dried (MgSO,). 
and then the solvent removed. The residue was recrystallized from CH,Cl,/ 
light petroleum to afford 32 as a white solid (37 g, 89%): n1.p. 116-118°C; 
'HNMR (CDCI,): 6 = 2.00 (brs, 1 H), 3.59- 3.63 (m, 2H),  3.66-3.75 (m. 
6H), 3.83-3.87 (rn. 2H),  4.08-4.13 (m. 2H),  6.79 (d. 2H. JAN = 8.5 Hz). 
7.09 (d. 2H. JAB = 8.5 Hz), 7.14-7.28 (m. 15H); I3C NMR (CDCI,): 
6 = 61.8, 64.4, 67.3, 69.8, 70.4, 70.8. 72.6, 113.4, 125.9. 127.5, 131.2, 132.2, 
139.3, 147.1, 156.7; HRMS calcd for C,,H,,O, ( M ) * :  468.2301: found 
468.2323. 


2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethyl 4-Methylbenzenesulfonate (33) : 
The tosylate 33 was prepared in 66% yield from 32, employing a procedure 
similar to that described for 16. White solid; m.p. 86-88 C ;  MS: m / z  622 
( M ' ) ;  ' H N M R  (CDCI,): 6 = 2.37 (s, 3H),  3.55-3.71 (m, 6H).  3.76-3.83 
(m,2H),4.03-4.09(m,2H),4.10--4.17(m,2H),6.75(d,2H,J,,= X.5Hz), 
7.08 (d, 2H,  .JAB = 8.0 Hz), 7.13-7.25 (111, 15H),  7.29 (d, 2H, .JAB = 8.0 Hz). 
7.78 (d, 2H,  .JAR = 8.5 Hz); NMR (CDCI,): 6 = 21 6. 64.4. 67.3, 68.8, 
69.3, 69.8, 70.8, 113.4, 125.9, 127.4, 128.0, 129.8, 131.1, 132.2. 133.1, 139.3. 
144.8, 147.0, 156.7, anal. calcd for C,,H,,O,S: C 73.29, H 6.15: found: C 
73.18, H 6.17. 
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4-{ 2-(2-(2-(4-Tritylphenoxy)ethoxy)ethoxy)ethosy}-(~-re~f-hutoxycarbonyl)- 
phenylhydrazine (26): To a vigorously stirred mixture of 31 (0.80 g, 3.6 mmol) 
and K,CO, (1.00 g. 7.2 mmol) in dry DMF (1 5 mL) was added 33 (2.22 g, 
3.6 mmol) in dry D M F  (10 mL) and the mixture heated at 60 'C  for 60 h. The 
reaction mixture was cooled to room temperature and filtered. The solvcnt 
was removed in vacuo and the residue was partitioned between CH,CI, 
(50 mL) and H,O (,50 mL). The organic phase was washed with 5 %  aqueous 
K,CO, (2 x 25 mL) and H,O (3 x 25 mL), dried (MgSO,). and then concen- 
trstcd. The residue was purified by column chromatography (SO, ,  EtOAc/ 
light petroleum) to afford 26 as a white solid (1.11 g, 46%); m.p. 87--90"C; 
FARMS:n7/z674(M+); 'HNMR(CDCI:J:d =1.45(brs, 9H) ,  3.74(s,4H), 
3.X0- 3.88 (m, 4H) ,  4.04-4.12 (m, 4H).  6.74-6.84 (m, 6H) ,  7.09 (d, 2H,  
J =  8.5 Hz), 7.14-7.28 (in, 15H);  ',C NMR (CDCI,): 6 = 28.3. 64.3, 67.3, 
68.0, 69.8, 69.9, 70.8, 81.1, 113.4, 114.5, 115.6, 125.8, 127.4, 131.1. 132.2, 
139.1, 142.4, 147.0. 153.5,156.3, 156.7; anal.calcd for C,,H,,N,O,: C 74.75, 
H 6.87, N 4.15; found: C 74.63, H 6.60, N 4.12. 


14-(4-(2-(2-(2-(4-Tritylphenoxy)ethoxy)ethosy)ethoxy)phenosy~-6,9,12-triox- 
atetradecan-%one ethylene acetal (27): The acetal 27 was prepared in 51 % 
yield from 13 (3.12 g, 4.5 mmol), 5-chloro-2-pentanone ethylene acetal 34 
(3.0 g, 18 mmol) and NaH (0.33 g. 50% in mineral oil, washed previously 
with light petroleum, 6.75 mmol), employing a procedure similar to that 
described for 12. White solid; m.p. 63 66-C;  FABMS: nil2 820 ( M + ) :  
' H  NMR (CDCI,): 6 =1.32 (s, 3H) ,  1.66-1.72 (m,4H).  3.45-3.49 (m. 2H),  
3.56-3.75 (in, 12H),  3.79-3.87 (m. 6H) ,  3.89-3.94(m, 4H),  4.04-4.12 (m, 
6H), 6.78 (d, 2H. J = 8.5 Hz). 7.09 (d, 2H,  J = 8.5 Hz), 6.83 (s, 4H).  7.14- 
7.27 (m, 15H); '"C NMR (CDCI,): 8 = 23.9,24.3,35.6,64.3,64.6,67.3,68.1, 
69.8.69.9, 70.1,70.7, 70.9,71.4,110.0, 113.4, 115.6,125.8, 127.4, 131.1, 132.2, 
139.2, 147.0, 153.1. 156.7: HRMS calcd for C,,Hf,,O,,. 843.4084; found 
843.4080; anal. calcd for C,oH,oO,,,Na ( M  + Na)': C 73.15, H 7.37; found: 
C 72.95, H 6.97. 


1 -(2-.~ethyl-5-~2-(2-(2-(4-trityIphenoxy)eth~xy)ethoxy)ethoxy~-3-indenyl}- 1 I - 
{4-(2-(2-(2-(4-trityIphenoxy)ethoxy)ethoxy)ethoxy)pbenoxy}-3,6,9-triosa-un- 
decane (25): To ii suspension of 26 (750 ing, 1.13 mmol) in a mixture of 
EtOH/H,O (1 : I .  40 mL) WBS added dilute HCI ( 2 N .  11 mL) and the resultant 
solution then heated under retlux for 1 h under nitrogen. A solution of 27 
(930 ing, 1.13 mmol), warmed to 85°C in EtOH (40 mL), was added drop- 
wise and the reaction mixture refluxed for 18 h. Upon cooling the reactlon 
m i ~ t ~ i r e ,  a brown oil separated and solidified on standing. The solid was 
filtered and purified by coluinn chromatography (SiO,. EtOAc/light 
petroleum) to afford 25 as an off-white solid (0.75 g. 51 %); m.p. 79 -81 C; 
FABMS: n7:z 1316 ( M ' ) ;  'HNMR (CDCI,): b = 2.37 (s, 3H) ,  2.97 (t, 2H,  
J = 7 . 0 H z ) ,  3.55-3.90(m,26H).4.01-4.19(m, 12H),  6.74-6.84(in, 10H). 
6 .97 (d , lH , . /=8 .5Hz) ,7 .04  7.11(m,6H).7.14-7.28(m,28H),7.69(brs, 


69.9, 70.0, 70.2, 70.4, 70.7, 70.8, 70.9, 71.5. 102.1, 108.1, 110.9, 111.2, 
113.5, 115.7, 126.0. 127.5, 129.3, 130.6, 131.3, 132.3. 132.9, 139.2, 
147.1, 153.2, 156.8. 


{ 121-1 1 -{2-Methyl-5-(2-(2-(2-(4-tritylphenoxy)ethoxy)ethoxy)ethoxy~-3-in- 
denyl}-ll-{4-(2-(2-(2-(4-tritylphenoxy)ethoxy)ethosy)ethoxy)phenosy}-3,6,9- 
trioxaundecanel[5,l2,19,26-tetraazonia-[l .O. I .Ol-paracyclophanelrotaxane} 
tetrakis(hexafluorophosphate) ({121-[251[BBlPYBIXY~rotaxane}[PF61, , 


3.4PF6): A solution of [BBIPYXY][PF,], (0.37 g, 0.53 mmol), BBB (0.14 g, 
0.S3 inmol). the dombbcll-shaped component 25 (0.70 g, 0.53 mmol), and 
AgPF,  (0 33 g. 1.33 mmol) in dry McCN (7 mL) was stirred at room temper- 
ature in the dark for 7 d .  The (21rotaxane 3-4PF6 was purified by a procedure 
Timila to that described for 2.4PF, to yield a purple solid (115 mg. 9%); 
m.p.>28O'C;  FABMS: n7/3 2271 ( b -  PF6)+; ' H N M R  (CD,CN) at 
298 K :  (5  = 2.13 (s, 3H) ,  2.45 (t. 2H) ,  3.37 (brt .  2H).  3.43 (brs, 4H) ,  3.51- 
3.57 (m. 6H).  3.58 3.78 (m, IOH), 3.81 3.98 (m, 12H). 4.01 -4.08 (m,  8 H ) ,  
5.53 5.62(m, XH).6.46(d,2H), 0.51 (brm,  1 H),6.75 (d,2H),6.88(d.  I H ) ,  
6 .99(d,2Hj,7.09 ( d , 2 H ) , 7 . 1 4 - - 7 . 2 8 ( n ~ , 3 1 H ) . 7 . 6 0 ( d , 8 I I ) , 7 . 7 3 ( ~ , 8 H ) ,  
8.59 (brs. I H ) ,  8.76 (d, 8H);  HRMS calcd for C,,,H,,,N,O,,F,,P, 
( M  -~ PF<,)+ : 2270.7937; found 2270.7840; iinal. calcd for 
C,,,H,,,N,0,,P,Fz,~2HzO: C 59.23, H 4.93, N 2.85; found: C 59.20, H 
4.X1. N 2.76. 


IHI ;  ',C NMR (CDCI,): 6=11.9, 25.0, 29.8, 64.4, 67.4, 68.2, 68.6, 


2-Phenyl-5-~2-(rert-butoxy)-2-oxoethoxy~- 1,3-dioxane (38 a,b) : 2-Phenyl-Shy- 
droxy-I ,3-dioxane 37a,b ( 5  g, a s  ii mixture of diastereoisomers, 27.7 nimol), 
NaOH (10 g). /-butylbromoacetate (12.6 g, 69 mmol), and Et,NBr (5.8 g, 


27.7 mmol) were partitioned between M,O (20 mL) and PhMe (20 mLj and 
the mixture stirred very vigorously for 12 h at room temperature. The reac- 
tion mixture was then diluted with H,O (40 mL) and PhMe (20 mL) and the 
organic phase subsequently washed with H,O (3 x 40 mL) and dried (Mg- 
SO,), and the solvent removed in vacuo. The residue was purified by column 
chromatography (SO,,  EtOAc/light petroleum; 1 : 2) in order to separate the 
two diastereoisomers of 2-phenyl-5-r~rt-butylacetyloxy-l,3-dioxane (38a,b) 
Both compounds were obtained as crystalline solids to give a combined yield 
of  (3.91 g, 48%). The [runs-isomer 38a was employed in all subsequent 
reactions; m.p. 64-65°C; MS: m/z 294 ( M ' ) ;  'H NMR (CDCI,): 8 =1.48 
(s, 9 H ) ,  3.61 3.78 (m, 3H). 4.05 (s, 2H) ,  4.41-4.49 (m, 2H),  5.41 (s, l H ) ,  
7.33- 7.40 (m, 3H),  7.45-7.52 (m, 2H); ',C NMR (CDC1,): d = 28.1, 67.7, 
69.6, 69.9, 82.1, 103.3, 126.1, 128.3, 129.0, 137.6, 169.3; anal. calcd for 
C,,H,,O,: C 65.29, H 7.53; found: C 65.39, H 7.64. 


trans-2-Phenyl-5-(2-hydroxyethoxy)-1,3-dioxane (39a): A solution of LiAIH, 
(70 mg, 1.84 mmol) in dry THF (10 mL) was added dropwise to a stirred 
solution of rt-nns-2-phenyl-5-[2-(trri-butoxy)-2-oxoetlioxy]-l,3-dioxane 38a 
(1.0 g, 3.3 mmol) in dry T H F  (10 mL) at room temperature. under nitrogen, 
and the mixture then heated under reflux for 4 h Thereafter. the reaction 
mixture was cooled to room temperature and quenched by the addition of 
EtOAc (1 mL) followed by H,O (1 mL). The resulting precipitate was re- 
moved by filtration and thc filtrate concentrated in vacuo to leave a residue 
which was dissolved in CH,CI, (20 mL), washed with H,O (2 x 10 mL), dried 
(MgSO,), and the solvent removed to afford rrcoi.s-2-phenyl-5-(2-hydrox- 
yethoxy)-1,3-dioxane 39a as a white crystalline solid (0.61 g, 80%): m.p. 
45- 46 C;MS:m/-224(M+):  'HNMR(CDCI3):6=1.96(brs,1H).3.57 
3.80 (in, 7H), 4.35-4.46 (m, 2H),  5.41 (s, 1 H) ,  7.30-7.41 (m. 3H),  7.43- 
7.51 (m, 2 H ) ;  I3C NMR (CDCI,): 6 = 61.8, 68.8. 70.0, 70.9, 101.3, 126.2. 
128.3, 129.0. 137.7; anal. calcd for C,,H,,O,: C 64.27, H 7.19: found. C 
64.39, H 7.23. 


frans-2-Phenyl-S-~2-(4-methylbenzenesulfonyloxy)~-I ,3-dioxane (40 a) : The to- 
sylate /run.r-2-phenyl-5-[2-(4-methylben~cnesulfonyloxy)]-l,3-dioxane 40a 
was prepared in 89 % yield from 1run.s-2-phenyl-5-(2-hydroxyethoxy)-1,3- 
dioxane 39 a by a procedure similar t o  that described for 16. White crystalline 
solid; m.p. 92.5 'C; MS: m/z 378 ( M ' ) ;  ' H N M R  (CDCI,); 8 = 2.46 (s, 3H),  
3.41- 3.7X (m, 5H) ,  4.07-4.19 (m, 2H),  4.21-4.35 (m, 2H).  5.38 (s. IH) ,  
7.27L7.51 (m, 7H),  7.80 (d, 2H,  J =  8.5 Hz); ',C N M R  (CDCI,): 6 = 21.7, 
67.2, 69.0, 69.1, 69.8, 101.3, 126.1, 128.0, 128.3, 129.1, 129.9, 133.0, 137.5, 
145.0. anal. calcd for CI,HZ,O,S: C 60.30, H 5.86; found: C 60.32. H 5.73. 


trans-2-Phenyl-5-{ 2-(2-(2-(4-(2-(2-(2-(2-(4-tritylphenoxy)ethosy)ethoxy)- 
ethoxy)phenoxy)ethoxy)ethoxy)ethoxy)ethosy}-l,3-diosane (41): Compound 
41 was prepared as a white solid (750 mg, 97%) from 13 (600 mg, 
0.86 mmol), ~run.s-2-phenyl-5-[2-(4-methylbenzenesulfonyloxy)J-l,3-dioxane 
(40a. 330 nig, 0.86 mmol), and NaH (48 mg, 50% suspension in oil, previous- 
ly  washed with light petroleum, 0.95 mmol) by a procedure similar to that 
described for 12; m.p. 81 -82°C; FABMS: mi; 898 ( M I ) ;  ' H N M R  
(CDCI,): 6 = 3.59 ~3 .75  (m, 19H). 3.79-3.87 (m. hH) ,  3.93-4.12 (m. hH), 
4.35-4.43 (m, 2H). 5.38 (s, 1 H), 6.78 (d, 2H,  J = 9.0 Hz), 6.82 (s, 4H) ,  7.08 
(in, 2H).  7.14-7.25 (m, 15H), 7.31-7.39 (m, 3H), 7.43-7.49 (m, 2H) ;  I3C 
NMR (CDCI,): 6 = 67.3, 68.1. 69.0, 69.3, 69.8, 69.9, 70.2, 70.7. 70.8, 70.9. 
201.3. 113.4, 115.6, 125.9. 126.1, 127.5, 128.3. 129.0, 131.2, 132.2, 137.8. 
139.2, 147.1, 153.2. 356.8. Anal. calcd for C,,H,,O,,: C 73.47, H 6.95; 
found: C 73.59, H 6.85. 


2-Hydroxymethyl- 14-{4-(2-(2-(2-(4-trityIphenoxy)ethoxy)ethosy)ethosy)- 
phenoxy}-3,6,9,12-tetraoxatetradecanol (42): A solution of 41 (700 mg, 
0.78 mmol) and concentrated sulfuric acid (2 mL) in EtOH (I00 mL) was 
refluxed for 2 h. The reaction mixture was then cooled, neutralized by the 
addition of a saturated aqueous sodium hydrogencarbonate solution. and the 
solvent removed in vacuo. The residue was taken up into CH,CI, (40 mL) 
and washed with H,O ( 3 x 4 0 m L ) ,  dried (MgSO,), and concentrated in 
vactio to afford 42 as a colorless oil, which solidified on standing (450 ing, 
71 %); n1.p. 58-60°C: FABMS: n7/z 830 ( M + ) ;  ' H N M R  (CDCI,): 6 =1.96 
(brs,  2 H ) ,  3.48- 3.54 (m, l H ) ,  3.58--3.77 (m. IXH), 3.78-3.89 (ni. 8H) .  
3.93- 4.13 (m, 6H),  6.78 (d, 2H,  J = 8.5 Hz), 6.83 (5. 4H), 7.09 (d, 2H. 
.I = 8.5Hz),  7.14 7.25 (m, 15H);  I3C NMR (CDCI,): (S = 62.5. 67.3, 68.1, 
69.4. 69.8, 69.9, 70.5, 70.6, 70.8. 70.9, 81.3, 113.4, 115.6, 125.9. 127.4. 131.1. 
132.2. 139.2, 147.1, 153.2, 156.7;anal.calcdforC,,H,,O,,:C71.09, H7.21: 
found: C 70.96, H 7.36. 
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2-(4-Methylbenzenesulfonyloxy)rnethyl- 14-{4-(2-(2-(2-(4-tritylphenoxy)- 
ethoxy)ethoxy)ethoxy)phenoxy}-3,6,9,12-tetraoxate~radecyl4-methylbenzene- 
sulfonate (43): The ditosylate 43 was preparcd in 94% yield from 42. employ- 
ing a procedure similar to that described for 16. White solid; m.p. 45 -47 'C; 
FABMS: m/z 1118 ( M + ) ;  ' H N M R  (CDCI,): 6 = 2.44 (s, 6H) ,  3.47 3.74 
(m, 16H), 3.77-3.87 (m, 7H), 4.00 -4.13 (m. 10H),  6.78 (d, 2H,  J = 9.0 Hz), 
6.82 (s, 4H). 7.09 (d, 2H,  J =  9.0Hz), 7.14-7.25 (m, ISH), 7.34 (d, 4H,  
J = X . O H ~ ) , ~ . ~ ~ ( ~ , ~ H , J = ~ . O H Z ) ;  "CNMR(CDC1,): 6=62.5,64.3,  
67.3, 68.1, 69.4, 69.8, 69.9. 70.5, 70.6, 70.8, 70.9, 81.3, 113.4, 115.6, 125.9, 
127.4, 131.1. 132.2, 139.2, 147.0, 153.2, 156.7; anal. calcd for C,,H,,,O,,S,: 
C 66.53, H 6.30, S 5.73; found: C 66.63, H 6.49, S 5.6. 


Thione precursor 44: A solution of NaOMe (made by dissolving sodium metal 
(138 mg, 6 mmol) in dry 50%) C,H,/MeOH (10 mL) was added dropwise to 
a stirred solution of dibenzoyI-4,5-dithio-l ,3-dithiole-2-thionc (1 , I  1 g, 
2.73 mmol) in dry 50% C,H,/MeOH (30 mL), and the mixture stirred for 
30 min. A solution of 43 (3.06 g. 2.73 mmol) in a dry 50% C,H,/MeOH 
mixture (15 mL) was then added dropwisr. and the mixture heated under 
reflux for 3 h. After cooling, the reaction mixturc was concentrated in vacuo 
to leave a residue, which was purified by column chromatography (SiO,, 
EtOAc/light petroleum). The desired thione 44 was obtained as a bright 
yellow oil (2.10g, 81%);  FABMS: mjz 972 (Adf); ' H N M R  (CDCI,): 
6 = 2.52-2.65 (m, 2H) ,  3.05 (d, 1 H, J = 2.5 Hz), 3.11 (d, I H, J = 2.5 Hz). 
3.60-3.75 (ni, 16H), 3.79-3.87 (m, 6H) ,  3.94 (brm, I H ) ,  4.04-4.12 (m, 


7.25 (m, 15 H); I3C NMR (CDCI,): 6 = 36.7,67.3,68.1,69.3,69.8,69.9, 70.7, 
70.9, 113.4, 115.6, 125.9, 127.4, 131.2, 132.2, 139.2, 147.1, 156.2, 156.7; anal. 
calcd for C5,H5,09S5: C 62.93, H 5.80, S 16.47; found: C 62.98, H 5.64, 
S 16.70. 


6 H ) , 6 . 7 8 ( d , 2 H , J = 9 . 0 H ~ ) , 6 . 8 2 ( ~ , 4 H ) , 7 . 0 9 ( d , 2 H ,  J = 9 . 0 H z ) , 7 . 1 3 -  


Ketone 35: A solution of mercury(ii) acetatc (1.75 g, 5.4 mmol) in glacial 
acetic acid (70 mL) was added to a solution of44 (2.1 g. 21.5 inmol) in CHCI, 
(50 mL) and the mixture stirred for 30 min at  room temperature. The result- 
ing precipitate (HgS) was separated by centrifugation and the supernatant 
then diluted with CHCI, (XOmL), before being washed with saturated 
aqueous NaHCO, (2 x 100 mL) and H,O (100 mL). The organic phase was 
dried (MgSO,) and the solvent removed to afford the ketone 35 as a pale 
yellow oil (1.85 g, 89%); FABMS: m/z 956 (Ad'): ' H N M R  (CDCI,): 
6=2 .51  2 . 6 7 ( 1 ~ ~ , 2 H ) , 3 . 0 2 ( d , l H , J = 2 . 5 H z ) , 3 . 0 8 ( d , l H , J = 2 . 5 H z ) ,  
3.60-3.75 (m, 16H),  3.87 -3.79 (m, 6H), 3.92 (brm, I H ) ,  4.03-4.13 (m, 
6H),  6.78 (d, 2H,  J=X.5Hz) ,  6.82 (s, 4H). 7.09 (d, 2H,  J = 8 . 5 H z ) ,  
7.14-7.25 (m, 15H); "C NMR (CDCI,): 6 = 36.7, 64.3, 67.3, 69.2, 69.8, 
69.9, 70.7, 70.9, 113.4, 115.6, 125.9, 127.4, 131.1, 132.2, 139.2, 147.1, 152.2, 
156.8; anal. cakd for C,,H5,0,,S,: C 63.99, H 5.90, S 13.40; found: C 64.17. 
H 5.96. S 13.30. 


Dumbbell-shaped compound 36: A solution of 35 (1.80 g, 1.88 mmol) in freshly 
distilled Et,P (15mL) was heated at 115'C for 2 h  under nitrogen. The 
reaction mixture was cooled to room temperature and diluted with light 
petroleum (20 mL). On  standing overnight, an orange oil separated and was 
isolated by decanting the solvent layer. The oil was washed with hot Et,O 
(3  x 20 niL) and hot EtOH (3 x 20 mL) and dried in vacuo to afford compo- 
nent 36 as an orange oil (1.02 g, 58%); FABMS: m/z 1883 ( M  '); ' H N M R  
(CDCI,): 6 = 2.32-2.65 (m, 4H) ,  2.85-3.00 (m, 4H). 3.56-3.78 (ni, 32H), 
3 .80-~3.90(m,14H),4.02-4.14(m,12H),6.78(d,4H, . /=8.5Hz),6.82(~,  
8H) ,  7.08 (d, 4 H ,  J =  8.5 Hz), 7.14-7.25 (m, 30H);  "C NMR (CDCI,): 
6 = 36.7, 64.3. 67.3, 68.1, 69.0, 69.8, 69.9, 70.7, 70.9, 113.4, 115.6, 
125.9, 127.4, 131.1, 132.2, 139.2, 147.1, 153.1, 156.8; anal. calcd for 
C,,,H,,,O,,S,: C 65.08, H 6.00, S 13.63; found: C 64.82, H 5.85, S 13.80. 


(12)-~36)[5,12,l9,26-Tetraazonia-~l.O.l.O~paracyclophane~rotaxane} tetrakis- 
(hexafluorophosphate) ({[21-1361[BBIPYBIXYCYlrotaxane}[PF6I4, 4.4PF6): 
A solution of the dumbhell-shaped component 36 (327 nig, 0.174 mmol), 
[BBIPYXY][PF,], (122 mg, 0.1 74 mmol), and 1,4-bis(bromomethyl)benzene 
(45 mg, 0.174 mmol) in dry D M F  (8 mL) was transferred to a Teflon tube and 
compressed (9 kbar) at room temperature for 96 h. The solvent was then 
removed in vacuo at 60°C and the residue suspended in EtOAc (10mL). 
Insoluble rotaxane-containing materials were removed by filtration and then 
dissolved in D M F  containing 5 % saturated aqueous NH,PF, (4 mL), Add'- 
tion of H,O (4 mL) precipitated the hexafluorophosphate salts, which were 
removed by filtration, washed with MeOH (10 mL) and then extracted with 
EtOAc (10 mL). Upon standing, the rotaxane 4.4PF, crystallized from the 


EtOAc solution as small orange crystals (43mg, 8%) ;  m.p. >280'-C; 


' H N M R  (CD,COCD,) at 298 K:  8 = 2.61-2.38 (brm, 4H) .  2.90 (d, 2H).  
3.06 (d, 2H). 4.03-3.48 (m. 58H), 4.09 (t, 2H) ,  4.18 (m, 2H) ,  6.05 (s, 8 H ) .  
6.57 (d, 2H) ,  6.85-6.82 (m, 6H).  6.95 (d, 2H) ,  7.07 (d, 2 H ) ,  7.28.-7.12 (m, 
30H), 8.06 ( s ,  XH), 8.23 (d, 8H),  9.35 (d, 8H); ',C NMR [(CDJ2NCDO]: 
6 = 64.9, 68.1.68.6. 70.1, 70.2, 70.670.9. 71.1.71.3, 71.5. 113.6, 113.9, 114.1. 
116.1, 118.1, 126.6, 125.7, 127.4, 128.3, 131.2, 131.4, 131.6, 132.5, 137.8. 
145.8, 146.4, 147.7, 153.8; HRMS calcd for C,,,H,,,N,O,,F,,P,S, 
( M  - PF,)+: 2835.7167: found 2835.7214. 


FABMS: m/z 2836 ( M -  PF,)'. 2690 (A4 - 2PF,)', 2545 ( M  - 3PF6)' ; 


X-ray crystal structure data for IBBIPYBIXYCY.2MlNI[PF6l4: C45H44Ns. 
4PF6.2CH,CN, A4 =1301.81, monoclinic, (J =10.940(2), h =19.846(4). 
c =14.000(3) A, [j =110.46(3), V = 2847.9(10) A,, space group P ~ , , H ,  
2 = 2, ~(CU,,) = 2.320 mm-' ,  p ,  = 1.518 gem-,? F(000) = 1320. 3842 inde- 
pendent reflections (2Hi114"). 2527 observed reflections 151 >4nlF,l. The 
data were collected on a Siemens P4Pc  diffractometer with Cu,, radiation 
and scans. The structure was solved by direct methods; full-matrix least- 
squares refinement with all non-hydrogen a t o m  anisotropic gave 
R, = 0.1082 and w'R, = 0.2444. The 2-methylindole moleculc is disordered 
about a ccnter of symmetry with additional rotational disorder. Because the 
position of the indole nitrogen cannot he uniquely identified. the C,-related 
nitrogen and carbon atoms were refined as partial occupancies for C and N 
superimposed species. One of the PF, anions is also disordered and was split 
into two orientations with an occupancy of 0.5. Hydrogen a t o m  were as- 
signed idealised positions with fixed isotropic U and were allowed to ride on 
their parent atoms. Crystallographic data (excluding structure factors) for the 
structure rcported in this paper have been deposited with the Cambridge 
Crystallographic Data Centre as supplementary publication no. CCDC- 
100195. Copies of  the data can be obtained free of charge on application to 
The Director, CCDC, 12 Union Road, Cambridge CB2 IEZ, UK (Fax: Int. 
code + (1223)336-033; e-mail: deposit(ic'cheincrys.cain.ac.uk). For data fo r  
[BBIPYBIXYCY 'TTF][PF,], see ref. [39]. 
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Abstract: The template-directed syntheses 
o f  two new tetraationic cycloplmnes, cy- 
clobis(paraquat-2,8-dibenzofuran) and 
cyclobis(paraquat-3,7-dibenzofuran), in- 
corporating dibenzofuran subunits has 
been accomplished. Initially, the cy- 
clophanes were self-assembled around a 
macrocyclic polyether template, bis-p- 
phenylene[34]crown-l0 (BPP34C lo),  to 
form catenanes: the mechanical bond or- 
der of the catenane formed determined the 
requisite "amacrocyclic" templates for 
synthesis of the free cyclophane. X-ray 
crystallography shows that both of the cy- 
clophanes possess rectangular covalent 
frameworks. Furthermore, these cyclo- 
phanes form self-assembled tapes in the 
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solid state, since the dibenzofuran moi- 
eties have a tendency to associate with 
each other through crossed 7c-7c stacks. 
The dibenzofuran-containing catenanes 
also form two-dimensional supramolecu- 
lar arrays in the solid state on account of 
extended x-x stacking interactions. In 
addition, the serendipitous discovery of a 
plerotopic tecton (consisting of a dibenzo- 
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the chemistry of the In recent years, supramolecular chemistry - 
noncovalent bond-has become a rapidly developing field of 
contemporary science.['] Its evolution is limited only by the 
creativity of the chemists who fashion the superstructures 
for its two subfamilies, 1) the oligo(supra)molecular super- 
nzolc~cule.~,[21 whose discrete supramolecular structure is defined 
by the noncovalent association of a finite number of supra- 
molecular building blocks, and 2) the infinite, poly(supra)- 
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furan nucleus covalently linked from the 
2- and 8-positions by methylene groups to 
4,4'-pyridylpyridinium (hydrogen bond 
acceptor) and protonated bipyridinium 
(hydrogen bond donor) units) has been 
made. The tecton dimerizes in the solid 
state to form a supramolecular macro- 
cycle, since its complementary hydrogen 
bonding sites are oriented in a horseshoe- 
like fashion by the 2,s-disubstituted 
dibenzofuran unit. However, this super- 
structure is not retained in the 1 : 1 com- 
plex of the tecton with BPP34C10: 
cocrystallization of the tecton with this 
crown ether opens the macrocyclic two- 
component supermolecule to afford a 
hydrogen-bonded pseudopolyrotaxane. 


molecular szrpramolecular a r v ~ y . s [ ~ ~  formed by the noncovalent 
combination of a multitudinous, unspecified number of 
t e ~ t o n s . [ ~ ]  Solid-state supramolecular chemistry, that is, crystal 
engineeri~ig,'~] is an emerging domain within the realm of 
supramolecular chemistry; it seeks to rationalize the noncova- 
lent forces that determine the packing of a particular crystal to 
form specific supramolecular aggregates or arrays. with a view 
to the creation of new supramolecular materials,[h1 namely, 
functioning, organized nanostru~tures.[ '~ Many of the inter- 
molecular bonding tools available to the supramolecular scien- 
tist have been used for the noncovalent synthesis of polymeric 
supramolecular arrays by self-assembly.['] In particular, hydro- 
gen bonds,['] coordinate covalent bonds formed between metals 
and ligands,""] 7c-7t  stacking interactions," heteroatom- 
halogen interactions,"21 or combinations of these noncovalent 
interactions['31 have all been used as the supramolecular 
"adhesive" that holds the solid-state supramolecular polymer 
together. 


A recent report from our laboratories describes the solid-state 
supramolecular synthesis of mosaics and nanotubes employ- 
ing the plerotopic (self-complementary) cyclophane l4 + 


(Scheme 1) .[I4] The cyclophane has 7c-electron-rich and x-elec- 
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Scheme 1. Schematic representation of the two-dimensional mosaic formed by the 
noncovalent polymerization of the l4  + cyclophane. 


tron-deficient subunits alternating around its macrocyclic pe- 
riphery and acts as an endoreceptor. Complementary hy- 
droquinone and bipyridinium units n-n stack with each other 
to form a highly structured supramolecular polymer (specifical- 
ly, a mosaic) in two dimensions, while channels reminiscent of 
nanotubes are formed in the third dimension. Furthermore, we 


have recently outlined a practical 
synthesis of the organic molecular 
square cyclobis(paraquat-4,4-bi- tmg phenylene) z4+ on a preparative 
scale." The isolation of this tetra- 


@ cationic cyclophane in reasonable 
yield has permitted an examination 


+ 'wN + 
or its X-ray crystal structure. Once 
again, the formation of a supra- 
molecular polymer in the solid state 


is observed: partial and complete n-n stacking for the 
biphenylene and bipyridinium units, respectively, of this tetra- 
cationic cyclophane leads to a mosaic-like supramolecular ar- 
ray. Against this background, we decided to combine both of 
the features of these two systems, and designed organic molecu- 
lar quadrilaterals in which n-electron-rich and n-electron-poor 
subunits alternate around the periphery of the tetracationic 
cyclophane.['61 The tectons we have prepared contain the diben- 
zofuranl' ', 18] and 4,4'-bipyridini~m''~] (also termed viologen 


24+ 


or paraquat) subunits. We expected that the incorporation of 
thc dibenzofuran unit would facilitate the covalent synthesis o f  
the new tetracationic macrocycles. Their requisite dihalide pre- 
cursors are benzylic; thus the rate of formation of the organic 
molecular quadrilaterals is increased. This contrasts with the 
cyclophane 14', preparation of which gives a low yield (12%) 
and requires the use of ultra-high pressure (12 kbar).[I4' Fur- 
thermore, we hoped that the addition of thc dibenzofuuran moi- 
ety to the tetracationic cyclophanes (Figure l)  would add anoth- 
er dimension to our endeavors in solid-state supramolecular 
synthesis, perhaps yielding n-stacked two-dimensional arrays 
and nanotubes, analogous to the related cyclophane l4 ' .[I4' 
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krn$ 
+ :, !,+ 


+ 7 


U 
Di benzofuran 


Figure 1. Organic molecular quadrilaterals containing dihenrofiiran and 4 , 4 -  
bipyridinium subunits. 


Results and Discussion 


Molecular Synthesis: We have employed a synthetic strategy 
involving 1) the initial preparation (using the supramolecular 
assistance to synthesis provided by a variety of noncovalcnt 
forces,r8f. 201 especially n--71 stacking interactions) of the tetraca- 
tionic cyclophanes around a macrocyclic polyether templatc 
leading to catenanes,[211 followed by 2) examination of the mc- 
chanical bond order of the catcnane formed, so that the appro- 
priate "amacrocyclic" for the synthesis of the non- 
interlocked, "free" tetracationic cyclophanes can be deter- 
mined [l 51 


2,8-Disuhstitution on the Dibenzojuran Subunit: Synthesis qf'rhc, 
(2JCatenune 5 . 4  PF, and the Tetracutionic Cyclophnne 6 . 4  PF,: 
Reaction of an excess of 4,4-bipyridine with 2,8-bis(chloro- 
methy1)dibenzofuran 3'231 in refluxing MeCN gave the dication- 
ic salt[241 4.2PF6 in 43% yield after counterion exchange with 
dry NH,PF,. The salt 4.2PF6 was then allowed to react with a 
slight excess of dichloride 3 in the presence of thc macrocyclic 
polyether bis-p-phenylene[34]crown-lO (BPP 34 C lo)'", 2h1 and 
a catalytic amount of NaI in MeCN at 20 "C for 19 d to givc the 
dibenzofuran-containing [2]catenane 5 . 4  PF, in 30 % yield 
after column chromatography and counterion exchange 
(Scheme 2).[27,281 The isolation of no catenanes with a higher 
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Scheme 2. Synthetis of the [?]catenane 5 . 4  PF, and the tetracationic cyclophane 6.4PF6 


mechanical bond order from this reaction suggested to us that 
a suitable x-electron-rich arene such as 1,5-bis[2-(2-hydroxy- 
etlioxy)eth~xy]naphthalene~~~~ (BHEEN) would act as a tein- 
plate for the formation of the uncatenated c y ~ l o p h a n e . [ ~ ~ ]  In- 
deed, reaction of the bis(hexafluorophosphate) salt 4.2 PF, and 
the dichloride 3 in the presence of BHEEN and a catalytic 
amount of NaI in MeCN at ambient teniperature/pressure for 
15 d gave the free tetracationic cyclophane 6.4PF6 in 49 % yield 
after anion exchange. However, the template effect of the n-elec- 
tron-rich arene is modest, since the tetracationic cyclophane was 
obtained in 40% yield in the absence of BHEEN under 
analogous reaction conditions, suggesting that the reactive 
pyridyl sites are juxtaposed in an orientation favorable for thc 
closure of the macroring on reaction with the dichloride 3; that 
is, the “stiffening” effect of the dibenzofuran moiety encourages 
the macrocyclization by reducing the entropy cost of the final 
ring closurc. 


Serendipity has played an important role in the development 
of supramolecular chemistry,[3 ‘ I  beginning with Pedersen’s dis- 
covery of the crown ethersc3*1 and continuing up to contempo- 
rary catenane syntheses.[”’ In our earliest preparations of the 
dicationic salt 4.2PF6 we discovered a novel compound by 
chance when 4.2CI was treated with an aqueous solution of 
practical grade NH,PF, . This novel compound gave a deep red 
solution, suggestive of charge transfer interactions, when mixed 
with BPP34ClO in MeCN or Me,CO, and was bound by this 
macrocyclic pol yether with a high association constant (vide 
infra). Neither 541 nor 64+ was produced when the novel com- 
pound was treated with the dichloride 3, in the presence or 
absence of BPP34C 10, in MeCN for 6 weeks at 20 “C. Despite 
some chemical shift differences, the compound has a similar 


‘HNMR spectrum to that of4.2PF6, 
the protons on the benzyl rings of the 
dibenzofuran unit and the protons on 
the bipyridinium unit apparently being 
equivalent. Unlike 4.2PF6, the com- 
pound did not decompose on heating. 
Analysis showed it to be [4.2PF, 
+ HPF,], and the structure was shown 
by X-ray crystallography (vide infra) 
to be 4-H.3PF6, consisting of a cen- 9 


H 
4-H.3PFs 


tral dibenzofuran nucleus covalently linked to 4,4‘-pyridylpyri- 
dinium and protonated bipyridinium units by methylene 
bridges. 


3,7-Disuhstitzction on the Dibenzufuran Subunit--Synthesis qf 
the (3JCatenane 9.4 PF, and the Tetracationic Cyclophane 
10.4 PF,: The 3,7-disubstituted analogue of 4,2PF,, namely 
8.2PF6, was readily acquired in 86 YO yield from the reaction of 
3,7-bis(bromomethyl)dibenzofuran 7[341 with a surplus of 4,4‘- 
bipyridine, followed by counterion exchange (Scheme 3). Reac- 
tion of this dicationic salt with the dibromide 7 in the presence 
of BPP34ClO furnished the [ 3 ] ~ a t e n a n e [ ~ ’ . ~ ~ ]  9.4PF, in 18% 
yield after column chromatography and counterion exchange. 
The formation of the [3]catenane implied that, like cyclobis- 
(paraquat-4,4’-biphenylene) (Z4+),[’ ’I ferrocene (FeCp,) and its 
derivatives should be effective templates for the synthesis of the 
corresponding “free” tetracationic cyclophane 10.4PF,, since 
their x-electron-rich cyclopentadienyl rings can associate with 
the x-electron-deficient bipyridinium units of the intermediates 
by n-n stacking interactions. In fact, the tetracationic cy- 
clophane 10.4PF6 is obtained in a remarkable 37% yield (after 
counterion exchange) when the dibromide 7 reacts with the dica- 
tionic salt 8.2PF6 in the presence of 22 molar equivalents of 
FeCp, in MeCN/DMF at 20 ”C for 17.5 days. In contrast, the 
yield of the tetracationic cyclophane was a meager 6 Yo when the 
reaction was carried out in the absence of FeCp, under other- 
wise identical conditions. We believe that the increased efficien- 
cy of both the template-directed and template-free syntheses of 
the lo4+ cyclophane (cf. the isolated yields for 2.4PF6 are 10% 
and 2% for the FeCp,-present and FeCp,-free preparations, 
respectively” ‘I) can be attributed to the loss of the rotation 
about the bond joining the two benzene rings of the rigidly fixed, 
fused polyaromatic dibenzofuran system. This moiety holds the 
reactive nucleophilic and electrophilic sites within the acyclic 
tricationic intermediate in a relatively rigid orientation, where 
they are more predisposed to form the tetracationic macrocycle. 


Association Constants: We have evaluated the association con- 
stants (K,) of the tetracationic cyclophanes with the templates 
used for their synthesis in order that we might obtain a correla- 
tion between the yields of the template-free and template-direct- 
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Scheme 3. Synthesis of the [3]catenane Y.4PF6 and the tetracationic cyclophane 
10.4PF6. 


ed preparations and the stability constants of the com- 
plexes (Table 1 ) .  Solutions containing equimolar quantities of 
BHEEN and 6.4PF6 in MeCN are very pale pink, qualitatively 
indicating a low stability constant for the [6.BHEENI4+ com- 
plex. The modest association constant calculated for this com- 
plex (Table 1) compares well with the relative inactivity of the 
BHEEN molecule to act as a template for the synthesis of the 
64+ macrocycle. The fused polyaromatic dibenzofuran spacer 
makes the cavity and, hence, the distance between the two 
paraquat subunits much larger than in cyclophanes possessing 
smaller connector units such as p-phenylene (K,  = 
5 6 0 0 ~ -  ') .[30d1 As a consequence of the increased width of thc 
cavity, the BHEEN molecule fits less than ideally into the 
macrocyclic void of the cyclophane. In order to maximize stabi- 
lization through K-K stacking interactions, the cyclophane must 
distort itself, bending the viologen subunits inwards toward the 
center of the cavity. Solutions containing equimolar amounts of 


Table 1. Association constants (K,) and derived free energies of complexation 
( -AG')  for the [6.BHEENI4+ and [10.FeCp,14+ complexes in MeCN at 2YX K. 
and for the [4-H.BPP34C10]'+ complex in Me,CO at 298 K. 


Complex K, (M- ' )  - A G  (kcalmol-') E.,,,, [c] (nm) 


[a] The association constants were evaluated by UVIVis spectroscopy by means of 
the titration methodology (ref. 1371). [b] The stability constant was measured by 
' H N M R  spectroscopy with the titration method (refs. [17,38]). 'The protons on the 
tetracationic cyclophane situated in the /I position with respect to the bipyridinium 
nitrogen atoms were used as the probe nuclei. [c] Wavelength corresponding to the 
maximum of the charge-transfer band originating from the interaction between thc 
viologen unit and the hydroquinone or  1,5-dioxynaphthalene ring systems. 
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FeCp, and the tetracationic cyclophane 10,4PF,, in MeCN are 
green as a result of charge-transfer interactions between the 
x-electron-rich cyclopentadienyl rings of the metallocene and 
the x-electron-deficient viologen units of the macrocycle. The 
association constant observed for the [10.FeCp,14+ complex is 
small and is characteristic of these ' Neither the 
[6.BHEENI4+ nor the [lo. FeCp,14+ complex could be ob- 
served in the "gas phase"-the LSI mass spectra of i : 1 solu- 
tions containing the constituents of each complex displayed 
only peaks for the tetracationic cyclophanes and its associated 
template. Nonetheless, the formation of both complexes in solu- 
tion was ascertained by 'H NMR spectroscopy (vide infra). The 
presence of the dicationic viologen unit in the covalent frame- 
work of the [4-HI3 + system ensures that a p s e u d o r ~ t a x a n e , ~ ~ ~ ~  
in which one of the sidearms of the trication is inserted through 
the cavity of the macrocyclic polyether, is formed with 
BPP34C10. Solutions of BPP34C 10 and 4-H.3PF6 assume a 
deep red color as a result of charge-transfer interactions, quali- 
tatively indicating a large binding constant for the [4- 
H.BPP14C IOl3+ adduct. Indeed, the calculated value of K, 
(Table 1) is somewhat higher than would be expected from com- 
parison with similar systems,[401 perhaps indicating some inter- 
action of the macrocyclic polyether with hoth sidearms of the 
trication. Moreover, the observed association constant con- 
trasts with that of systems bearing only 4,4'-pyridylpyridinium 
units that are not bound by BPP 34C 10.[251 The presence of the 
pseudorotaxane complex in the "gas phase" was also corrobo- 
rated by the manifestation of peaks at m/z 1333 and 1 1  87 in 
the LSI mass spectrum, individually corresponding to the 
[4-H 1 BPP 34 C 10][PF,], and [4. BPP 34 C 1 O][PF6] species. 


'HNMR Spectroscopy: The formation of the inclusion com- 
plexes [6.BHEENI4+, [10.FeCp,14+, and [4- H . BPP 34 C 1 OI3+ 
is indicated by the 'H NMR chemical shift data in Table 2 .  The 
'H NMR spectra of all of these 1 : 1 complexes exhibit time-aver- 
aged sets of signals, indicating that the rate ofcomplexation and 
decomplexation is rapid on the 'HNMR t ime~ca le . [~ '~  The 
small chemical shift changes detected for both components of 
the [6.BHEENI4+ complex may be compared with the low asso- 
ciation constant observed for this 1 : 1 complex, thereby reflect- 
ing the fact that the complementary x-electron-rich and x-elec- 
trou-deficient sites are too far apart in the complex to achieve 
optimal x-?I stacking. Similarly, we noticed small chemical shift 
changes (on account of the second-sphere c ~ o r d i n a t i o n ' ~ ~ ]  es- 
tablished by x-n stacking interactions between the x-electron- 
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Table 2. ‘ H N M R  chemical shift data ( 6  values) for compounds and complexes in CI),CN or (CD,),CO at 20‘C 
~ ~~~~ 


Polycationic Component Neutral Component 
X-CH /I-CH CH,N+ Dbf C H  [el ArH OCH, CPH 


~~~~~~ ~ 


BIIEEN [a] 


[6 BHEEN][PF,], kd.d.g] 
BI’P34C10 [b] 


FeCp, [a] 
10. PFo [a] 
[IO. F’eCp,l[PF~I, [ad-gl 
9.4PF,, [b,~]  
4-H.3PF6 [b] 
[4 -H~BPP34ClO][PF,], [h,d,h] 


6.4PF, [a] 


5.1PF, [h] 


[4 H.BPP34C10][PF6J, [b.d.il 


- - - 


8.89 8.25 5.92 7.76. 7.83, 8.00 
8.88 8.19 5.91 7.75, 7.84, 8.00 


9 2h 8.32 6 30 7.88. 7 97, 8.22 


8.93 8.24 5.94 7.43, 7.68, 8.15 
X.91 8.13 5.92 7.46. 7.70, 8.19 
9 20  8.17 6.13 7.84, 11.13, 8.32 
9.11, 9.44 8.35. 8.71 6.30 7.81, 7.92, 8.42 
9 00, 9.30 8.05, 8.42 6.30 7.X5. 7.96, R.44 
8.98, 9.26 7.99, 8.38 6.30 7.85, 7.96, 8.44 


~ ~ - 


- - 


- -~ 


6.95, 7.39. 7 XI 3.62, 3.92. 4.27 ~ 


6.91, 7.31, 7 71 
6.78 3.63. 3.79. 3.9X - 


6.03 3 61-3.83 - 


- - - 


3.63, 3.91. 4.25 


- ~ 4.15 


- 4.02 
- 


- 


3.97 [f], 6.19 3.41, 3.68. 3 76-4.11 - 


6 45 3.75, 3.78 - 


6.35 3.74, 3.81 


[a] Spectra ohtaincd in CD,CN. [b] Spectra recorded in (CD,),CO. [c] Spectrum recorded at 253 K. [d] Spectra of an equimolar solution of’ both components. [el Protons 
situated on the dibenzofuran moiety. [f] The identity of this resonance was ascertained from a saturation transfer experiment. [g] The concentration of both Components 
was 5.5 x 1 0 - - 3 ~  [h] ‘The concentration of both constituents was 6.0 x IO-,M. [i] The concentration of both components was 2.7 x ~ O - ’ M .  


rich cyclopentadienyl rings of the mctallocene and the n-clec- 
tron-deficient viologen units of  the cyclophanc) for the reso- 
nances of the components of the [10.FeCp,J4+ inclusion com- 
plex. On the othcr hand, both the bipyridinium units of the 
[4 - HI3+ trication and the hydroquinone units of the macro- 
cyclic polyether BPP34C 10 are shifted far upfield in 1 : 1 solu- 
tions of both of these components, indicating a strong degree of 
intercomponcnt association between each of the constitucnts of 
this complex as a result of n- n: stacking and other interactions. 
Moreover, these shifts bccome more pronounced at  higher con- 
centration (Table 2), perhaps indicating the formation of a hy- 
drogen-bonded pseudopolyrotaxane with extcnded donor-ac- 
ceptor n-n: stacking interactions, as observed in the solid state 
(vide infra). 


The Lricationic salt 4-H.3PF6 exhibits (Table 2) a ‘HNMR 
spectrum whercin both of the benzyl rings of the dibenzofuran 
system and both of the viologcn rings appear to be equivalent, 
that is, ancillary protons on distinct [4-HI3’ units undergo 
rapid exchange between the nitrogen atoms of the heterocyclic 
extremities of the trication. These peaks were only slightly 
broadened when the solution was cooled down to 183 K: that is, 
we could not obtain quantitativc information concerning thc 
exchange process. Nevertheless, when the a-protons located ad- 
jacent to the terminal nitrogen atoms were irradiated at - 10 ”C 
we detccted an NOE for the broad peak (encountercd becausc 
of water and exchangeable protons) located at  ca. 6 = 5.6, thus 
proving the existence of the protonated nitrogen atom. When 
this (CD,),CO solution of 4-H.3PF6 (2.7 x 1 0 - 2 ~ )  was dilut- 
ed ( 6 . 0 ~  1 0 - 3 ~ )  this resonance was shifted t o  higher field 
(Ad = - l . l ) ,  indicating decreased amounts of [N’-H. . .N]  
hydrogen bonding at lower concentration. This contrasts with 
the othcr resonances of the [4-HI3+ trication, the chemical 
shifts of which were not concentration-dependent. 


‘ H N M R  chemical shift data for both thc catenanes S .4PF6 
and 9.4PF6 are also reported in Table 2. The kinetic and thcr- 
modynamic p a r a m ~ t e r s [ ~ ~ l  for the circumrotation of the 
BPP 34C 10 component(s) through the cavities of the tetraca- 
tionic cyclophane (process 1)[44] of the catenanes were evaluat- 
ed (Table 3). In  the [2]catenane 5 .4PF6,  it is not possible to 
distinguish between the “inside” and “alongside” environments 
of the hydroquinonc ring protons, cven at  a temperature as low 


as 210 K.  An estimated value of the activation energy barrier for 
process 1 was obtained by assuming the half-height lincwidth 
(oIl2) to be 2 H z  in the absence of exchange. The value 
obtained (12.6 kcalmol-’) shows a decrease of almost 
3 kcalmol- ’ when compared[251 with the corresponding pro- 
cess for the [2]catenane 11.4 PF,, in which the bipyridinium m>no 


&J))OJ 
$+z + N  4 


11.4PFG 


units of the tetracationic cyclophane are linked by p-xylyl spac- 
ers. This presumably reflects the presence of a larger cavity in 
the tetracationic cyclophane S.4PF6 and, hence, the substantial- 
ly reduced stabilization provided by the n:-acceptor/n:-donor/n:- 
acceptor recognition motif. Table 3 also gives the activation 
energy barrier associated with proccss 2,[441 involving thc cir- 
cumrotation of the tetracationic cyclophanc through the cavity 
of the BPP 34 C 10 macrocycle, for the [2]catenane 5 .4  PF, . Once 
again, the calculated value for this exchange process is ca. 
1 kcalmol-’ lower than that for the same process observed in 
the [2]catenanc 11 .4PF,,r251 similarly highlighting the weaker 
aryl- aryl stacking interactions in 5 .4  PF,, when compared with 
its congencrs possessing smaller spacer units between the bipyri- 
dinium moieties. In the ‘H N M R  spectrum of the [3]catenane 
9 .4PF6 (recorded in (CD,),CO at  ambient temperature), the 
signals for thc alongside hydroquinone ring protons are not 
evident; they are too broad to be observed and are assimilated 
into thc spectrum baseline. This feature shows that the circum- 
rotation of the BPP34C 10 macrocycles through the central 
void of the tetracationic cyclophane in 9-4PF6 (i.e., pro- 
cess is much slower than in the related [3]catenane 
12.4PF6,r351 in which the 3,7-dimethyldibenzofuran spacer 
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units are replaced by p,p’-bitolyl units, Accordingly, we have 
estimated (Table 3) that the free energy of activation for the 
circumrotation of the macrocyclic polyether rings through the 
cavity of the tetracationic cyclophane is some 2.2 kcal mol- 
greater for 9’4PF, than for the comparable circumrotation in 
the congener 12.4PF,. This probably relates to the reduced 
width of the cyclophane cavity in the former (verified by X-ray 
crystallography, vide infra) which makes the circumrotation of 
the crown ether rings through the cyclophane central void more 
difficult. 


Table 3 Kinetic and thermodynamic parameters [a] relating to the proposed processes 1 and 
2 obtained from the temperature-dependent 400 MHz ’H N M R  spectra recorded for the 
[?]catenanc 5.4PF, and the [3]catenane 9.4PF, in (CD,),CO. 


OC,H,O (26) (82) (260) (12.6) [c] 1 
5.4PF0 E-CH 187 187 237 11 4 2 


b-CH 80 178 232 10.8 2 
9.4PF, OC,H,O 888 1970 304 12.9 1 


[a] Unparenthesized data relate to the coalescence method (ref. [43a]). (b) Parenthesized 
data relate to the exchange method (ref. [43b]). [c] For calculation of the data, it was 
assumed that ( o , , ~  is 6 Hz in a situation of no exchange (see text for details) 


X-Ray Crystallography: The presence in the X-ray crystal struc- 
ture (Figure 2) of three PF, anions, coupled with the unam- 
biguous location of only a single hydrogen atom attached to one 
of the 4-pyridyl rings, confirmed the 4,4‘-pyridylpyridinium - 
dibenzofuran- bipyridinium constitution of the [4- HI3 + trica- 


Figure 2. The covalent framework of the [4-HI3+ trication 


tion. The presence of comple- 
mentary hydrogen bond donor 
(bipyridinium) and acceptor 
(4,4‘-pyridylpyridinium) units 
within the covalent framework 
of the trication establishes its 
ability to behave as a plero- 
topic tecton. The dibenzofuran 
moiety has a planar geometry, 
but both the 4.4‘-pyridylpyri- 
dinium and bipyridinium units 
exhibit twists between their 
heterocyclic rings. Whereas in 
the monocationic unit this 
twist angle (12”) is relatively 
small, in the dicationic unit it is 
large (56”). On account of 
the complementary hydrogen 
bonding sites being directed in 
a horseshoe-like fashion by the 
fused polyaroniatic dibenzo- 
furan nucleus, pairs of Ci-relat- 
ed tectons are linked by the 


0 


0 


Figure 3 .  Ball-and-stick portrayal 
of the supramolecular inacrocycle 
produced by the noncovalent dimer- 
ization of the [4-HI3’ trication. 


[ N + - H . . . N ]  supramolecular synthonr4” ( N . . . N ,  H . . . N  
distances 2.76, 1.87 A, [N+-H. . .N]  angle 168”) to form 
(Figui-e 3) a noncovalently-linked “macrocycle”,[16a~ 461  that is, 
a two-component supe rm~lecu le , [~~~  possessing a cavity with an 
approximate length and breadth of 20.8 and 7.7 A, respec- 
tively. The included Me,CO and Et,O molccules are located 
within this cavity. Inspection of the packing of these 
supramolecular macro- 
cycles reveals (Figure 4) 
both the dibenzof~ran[~’] 
and the 4,4-pyridylpyri- 
dinium subunits to be in- 
volved in extended n - ~  
stacking interactions to 
form a two-dimensional 
mosaic-like sheet. The 
mean interplanar stack- 
ing separation for the 
4,4‘-pyridylpyridinium 
units is 3.7A, while that 
for the dibenzofuran moi- 
eties is 3.4 A. Adjacent 
sheets are appreciably 
offset with respect to each 
other but there are still 
channels within which the 
anions and solvent mole- 
cules are located. 


The solid-state struc- 
t ~ r e ’ ~ ~ ]  (Figure 5 )  of the 
1 : l  complex formed 
between [4-HJ3’ and 
BPP34C 10 shows the 
horseshoe-shaped trica- 
tion to have one of its 
sidearms inserted through 


Figure 4. Ball-and-stick view of’ the iwo- 
dimensional mosaic-like sheet produced by 
the noncovalent polymerization of the 
[(4 - H)3t]2 supramolecular macrocycle. 
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n 


Figure 5.  Riill-and-stick representation of the [4-H-BPP34C I O l 3 +  pseudo- 
rotaxane. 


the center of the crown ether cavity; this arm is sandwiched 
between the two hydroquinone rings, while the other is posi- 
tioned alongside one of the hydroquinone rings. The mean inter- 
planar separations between the inside and alongside hydro- 
quinonc rings and the inside arm 4.1 and 3.7 A, respectively, 
whilc the separation between the inside hydroquinone ring and 
the alongside arm is 3.8 A. The twisting angles between the 
heterocyclic rings within each cationic component are 15" 
(inside) and 9' (alongside). It was not possible from the 
X-ray data to establish which of the two terminal nitrogen 
atoms is protonated. As with the free trication, thc tectons 
are linked by [N' -H ' .  N] hydrogen bonds (2.67, 2.76 A). 
However, in contrast to the supramolecular macrocycle forma- 
tion observed with free [4-HI3+, the self-complementary tec- 
tons here are linked end-to-end to form a hydrogen-bonded 
pseudopolyrotaxanerSo1 superstructure, that is, a supramolecular 


in which the pattcrn of x-donor/n-acccptor stacking 
extcnds to include both the alongsidc hydroquinone rings and 
the alongside sidearm (Figure 6). The mean interplanar stack- 


Figui-c 6. Ball-and-stick vicw of part of the hydrogen-bonded paeudopolyrotaxane 
snperstriiclure produced by the noncovalent polymerization oC the [4-H 
HPI'34C 1 0 1 ~ '  pseudorotaxane. 


ing separation between these two latter components is 3.8 A. 
Unlikc in free [4-HI3+, here there is no stacking of adjacent 
dibenzofuran ring systems. 


In terms of the demeanor of the hydrogen-bonded superstruc- 
ture produced by the [4-HI3+ trication, the difference in the 
crystal structures between the uncomplexed tecton and its 
BPP34C 10 cocrystal amounts to a notable superstructural 
change from a dimeric supermolecule to a polymolecular 
supramolecular array (Scheme 4).["] This system may also rep- 
resent a prototypical solid-state supramolecular device:"b, '3 ''1 


I I 


+ 


,. 
PQ 


3PF; f 
4-H-3PF8 N+ 


H 


J021 
0 0 Q BPP34C10 @ 
0 q0g3 


I l +n: + BPP34C10 


- BPP34C10 


+ 


Scheme 4. Schematic presentation of the BPP 34C lomediated interconversion be- 
tween the dimeric [(4-H)3+], supramolecular macrocycle and the pseudopolyro- 
taxane supramolecular array, produced by noncovalent polymerization or the [4- 
H.BPP34C IO]' ' pseudorotaxane. in the solid state. 


by opening thc noncovalently-linked supramolecular macro 
cycle, the macrocyclic polycther BPP 34C 10 effects mcchan- 
ical switching from the closed supramolecular macrocycle 
to the open, pseudopolyrotaxane supramolecular array. 


The X-ray structural 
analysis (Figure 7) of 
6,4PF, shows it to pos- 
sess an open cy- 
clophane-like structurc 
with approximate Ci 
symmetry and overall 
dimensions of ca. 
8.5 x 11.8 A.  The two 
dibenzofuran moieties 
are consequently orient- 
ed in an cznti geometry 
with respect to one an- 
other and are seen to be 
tiltcd by ca. 63 and 66" 
with respect to the mean 
plane of the macrocycle 


U (as defined by the 


atoms). The two bipyri- cyclopliane. 


Figure 7. Ball-and-stick representation of 
four Inethylene the covalent fraincwork of the 64' 
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Figure 8. Ball-and-stick repre- 
sentation of the self-assembled 
tape produced by the noncova- 
lent polymerization of the 64+ 
cyclophane. 


dinium units exhibit twisting (2",  
15") and bowing ( l l " ,  14") distor- 
tions, their overall mean planes 
both being tilted in the same di- 
rection with respect to the mean 
plane of the macrocycle, that is, a 
shearing deformation. This de- 
formation is slight and does not 
produce any significant reduction 
in the free pathway through the 
macrocyclic center. Both diben- 
zofuran moieties are involved in 
z-z stacking interactions[4s1 
(Figure 8) with their Ci related 
counterparts with a mean inter- 
planar separation of 3.48, in 
both instances, to form a self-as- 
sembled tape, produced by the 
solid state noncovalent polymer- 
ization of the 64f tetracationic 
macrocycle. Thc bipyridinium 
units, on thc other hand, are not 
involved in any intercation stack- 
ing interactions. Viewed down 
the crystallographic c direction 
(Figure 9), adjacent cyclophanes 
are seen to form nanotube-like 
channelsrs3] with a cross-section 
free pathway of ca. 5.5 A, though 


with alternate macrorings rotated in plane by ca. 90" with rc- 
spect to each other. There is a small tilt of 14" of the mean plane 
of adjacent cyclophanes within the channel. Two of the PF; 
anions and the included solvent molecules are positioned within 
the extended channels: the remaining two anions are positioned 
over the peripheries of the channels. 


The X-ray structural analysis (Figure 10) of 5.4PF6 reveals 
that it possesses the expected [2]catenane topology: one of the 
hydroquinone rings of the BPP34C 10 macrocycles is sand- 
wiched between the pair of bipyridinium units of the tetraca- 


Figure 9. View of the nanotube-like channels formed by the 64+ cyclophane. 


tionic cyclophane; the 0 


other is positioned 
alongside. The mean in- 
terplanar separations be- 
tween the inside hydro- 
quinone ring and the 
inside and alongside 
bipyridinium units are 
3.7 and 3.6 8,, respective- 
ly, and that bctween the 
alongside hydroquinone 
ring and the inside 
bipyridinium unit is 
3.7 8,. In addition to the 
71-z stacking interac- 
tions, there is a single 
[C-H ' ' . 01 hydrogen 
bond between one of the 
a-bipyridinium hydro- 
gen atoms on the inside unit and the central oxygen atom of one 
of the polyether linkages in the BPP 34 C 10 macrocycle 
([C. . '01,  [H . . '01 distances 3.28, 2.37 A, [C-H . . 01 angle 
158"). The BPP 34C 1 0 ring has approximate C, molecular sym- 
metry about a plane passing through the two central oxygen 
atoms of the polyether linkages with both hydroquinone rings 
having in-plane syn geometries for the two OCH, bonds. The 
OC,H40 axis of the inside hydroquinone rings is inclined by ca. 
42" to the mean plane of the tetracationic cyclophane as defined 
by the four corner methylene carbon atoms. The conformation 
of the tetracalion is markedly different from that observed in its 
uncatenated state (vide supra). Firstly, the two dibenzofuran 
moieties are in a syn geometry (cf. anti in 6.4PF6) with their 
planes inclined by ca. 38" and 30" to the cyclophane ring 
plane.[54] Secondly, and more significantly, instead of the two 
bipyridinium units being bowed outwards away from the ring 
center, here they are appreciably folded inwards so as to mini- 
mize their contact distance with the x-electron-rich inside hy- 
droquinone ring: the inward bow angles of the inside and 
outside bipyridinium units are 14" and 1 I", rcspcctively.["l 
Accompanying this inward bowing, there is a significant 
twisting about the long axis of the tetracationic cyclophane, the 
[N . . . N] axes of the two bipyridinium units being inclined by ca. 
19". In addition to bowing distortions, the bipyridinium units 
exhibit differing degrees of twist about the C-C bond linking 
the pyridinium rings. One of these twists (that associated with 
the alongside bipyridinium unit) is quite large (27"). while that 
for the inside unit is significantly smaller (1 6"). A consequence 
of thcse conformational distortions is a noticeable contraction 
in the smaller dimension of the cyclophane from 8.5 k in 64f 
to 7.4 in 54+ and a slight increase in its length from 11.8 8, 
in 64+ to 12.1 8, in 54+.  Inspection of the packing of the 
catenanes reveals, as in many other [2]catenanes of this 


the formation of polar stacks extending through- 
out the crystal in the crystallographic h direction: the outside 
hydroquinone ring of one [2]catenane being positioned approx- 
imately parallel to, and overlapping with, one of the pyridinium 
rings of the outside bipyridinium unit of the next. The mean 
interplanar separations between these rings is 3.6A and the 
centroid-centroid separation is 4.0 A. Unlike in the cyclophane 


Figure 10. Ball-and-stick representation of 
the [?]Gltenane s4'. 


" 9  
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6'+ (vide supra), there is no aryl-aryl stacking involving thc 
dibenzofuran units. 


The solid-state structure (Figure 11) of the tetracationic cy- 
clophane lo4+,  isomeric with 64+,  has a Ci symmetric open-box 
structure with a length of ca. 11.2 A between the dibenzofuran 


Figure 11. The covalent framework of the tetracationic cyclophane lo4' 


moieties and a breadth of ca. 3 0.7 A, that is, it may be consid- 
ered to be an organic molecular rectangle. The decreased width 
of this organic quadrilateral, compared with that of its p,p'- 
bitolyl spaced congener z4+, may be ascribed to the influence of 
the dibenzofuran units: the effect of the central furan ring is to 
pull the p,p'-carbon atoms of p,p'-bitoluene toward itself, there- 
fore decreasing the overall length of the spacer unit. The anti- 
disposed dibenzofuran subunits are inclined by 74" to the cy- 
clophane ring plane. The bipyridinium units have twisting and 
bowing distortions of 38" and 20", respectively. Like its 2,8-dis- 
ubstituted congener 64+ (vide supra), the tetracationic macro- 
cycles pack to form 7c-n stacked chains with the dibenzofuran 
subunits[48J in one cyclophane overlying those of the next with 
a mean interplanar separation of 3.3 A. There are no 7c-n inter- 
actions involving the bipyridinium units, nor are any dominant 
channels formed in the structure. 


The solid-state structure (Figure 12) of 94+ reveals it to be the 
anticipated [3]catenane, in which two BPP34C 10 rings encircle 


bigure 12. Ball-and-stick representation depictmg the [3]catenane 9"' 


opposite bipyridinium units of the macrocyclic tetracation com- 
ponent. The [3]catenane has C, crystallographic symmetry and 
the separations between the planes of the inside hydroquinone 
rings, and between the inside bipyridinium units and the inside 
and outside hydroquinone rings are all 3.4 8, (the centroid-cen- 
troid separation between the two inside hydroquinone rings is 
4.0 A). The centroid-centroid separations between the edge-to- 
face oriented hydroquinone rings and the proximal benzenoid 
rings of the dibenzofuran systems are both 5.6 A, that is, dis- 
tances too large to represent any significant [C-H . . n] interac- 
tions. Similarly, there is a noticeable absence of any [C-H . . .O] 
hydrogen bonding. Despite the absence of these secondary sta- 
bilizing interactions normally present in [2]- and [3]catenanes of 
this type,[5e* 3 5 1  the OC,H,O axes of the inside hydroquinone 
rings are still inclined by ca. 43" to  the mean plane of the cy- 
clophane, tilt angles being very similar to those observed in 
related [2]- and [ 3 ] c a t e n a n e ~ . ~ ~ ~ ~  It is noteworthy that both the 
inside and outside hydroquinone rings have anti geometries as- 
sociated with the OCH, bonds. The tetracationic cyclophane 
has an overall geometry very similar to that observed in its 
uncatenated form, the dibenzofuran subunits adopting an anti 
geometry with respect to each other, with their mean planes 
inclined by ca. 69" to the tetracationic cyclophane mean plane. 
The length and breadth show only small changes with the length 
increasing from 11.2 8, in lo4+ to 11.7 8, in 94+ and the breadth 
decreasing from 10.7 to 10.5 A, permitting near optimal n-n 
stacking geometry with the interlocked BPP34C 10 rings. The 
only significant change in the conformation is a marked reduc- 
tion in the twist angle between the two pyridinium rings to only 
2" (cf. 38" in lo4+).  The bowing of the bipyridinium units is only 
slightly reduced (16", cf. 20" in lo4+). The [3]catenanes pack to 
form a two-dimensional mosaic: in one direction the dibenzo- 
furan ring systems of lattice-translated interlocked species are 
involved in n-n stacking interactions[481 (interplanar separa- 
tion 3.49 A), while in the other, the outside hydroquinone rings, 
again of lattice-translated [3]catenanes, extend the pattern of 
R-TC interactions that is present within the catenane itself (Fig- 
ure 13):[351 the mean interplanar separation between the outside 
hydroquinone rings is 3.51 A, with an associated centroid-cen- 
troid separation of 4.19 A. 


Figure I ? .  Ball-and-stick view of the two-dimensional m o m c  formed by the 
supramolecular polymerization of the [3]catenane 94+. 
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Molecular Modeling: Molecular modeling was employed so that 
we could anticipate the interaction geometries for the 
[6.BHEENI4+ and the [10.FeCp,14+ template- tetracationic 
cyclophane inclusion complexes. Incorporation of the template 
BHEEN into the cavities of both conformational isomers of the 
tetracationic cyclophane 64+, that is, the syn or anticonformers, 
followed by molecular dynamics at 300 K and minimization of 
the samples obtained from the dynamics simulation, provided 
an ensemble of conformations representing the two low-energy 
ground state structures. The modeling study for the anti con- 
former predicts that the guest species is inserted through the 
center of the internal void of the tetracationic cyclophane (Fig- 
ure 14) with the n-electron-deficient bipyridinium subunits 


Figure 14. Computer-generated structure of the inclusion complex formed between 
the tetracationic cyclophane 64+ and BHEEN. 


located at a mean interplanar separation of approximately 3.9 8, 
from the center of the 1,5-dioxynaphthalene unit. Interestingly 
we noticed that (as in the solid state structure of the [2]catenane 
54+ above), there is a concave distortion of the macrocyclic 
periphery of the cyclophane: the angles subtended by the 
CH,-N+ bonds of the bipyridinium units are in the range 2-3". 
This small "hourglass-like" distortion is presumably a conse- 
quence of the cyclophane attempting to minimize its contact 
distance with the included x-electron-rich guest. Additionally, it 
is predicted that strong, stabilizing [C-H . . '01 hydrogen bond- 
ing interactions exist between the terminal oxygen atoms of the 
hydroxyl groups of the BHEEN guest and the j-bipyridinium 
hydrogen atoms (H . . '0  distance 2.7 A). Similar observations 
were made for the syn conformational isomer, but with the 
notable exception that the deformation of the bipyridinium 
units was even more pronounced: the mean interplanar distance 
between the bipyridinium residues and the centroid of the naph- 
thalene guest species is reduced to 3.8 A. Similarly, as in the case 
of the anti conformer, there exist [C-H . . '01 intcractions be- 
tween the terminal oxygen atoms of the polyether chains and the 
a-bipyridinium hydrogen atoms (H . . '0  distance 2.7-3.5 A). 


Molecular mechanics calculations (with the Sybyl forcefield) 
on the 1 : l  complex formed between the tetracationic cy- 
clophane lo4+ and FeCp, reveal a complex in which the metal- 
locene is ideally located in the center of the macrocyclic cavity. 
The cyclopentadienyl rings are sandwiched between the faces of 
the bipyridinium units (Figure 15) with a distance of ca. 3.3 A 


0 


N N 


Figure 15. Computer-generated structure for the inclusion complex formed he- 
tween the tetracationic cyclophane lo4+ and FeCp,. 


from the center of the bond joining the two pyridinium units of 
the viologen system to the centroid of the cyclopentadienyl ring. 
The cyclophane cavity is slightly enlarged on binding in both the 
syn and anti conformers: the dimensions of the edges of the 
molecular rectangle increase from about 8.1 x 10.0 A to about 
9.9 x 10.2 8, for both the syn and the anti geometries. Single- 
point semiempirical calculations at the PM 3 tm level suggest 
that it is the anti isomer that possesses the more favorable inter- 
molecular interactions, with the heat of formation of the com- 
plex being slightly lower in energy than that for the correspond- 
ing syn isomer. In addition, qualitative examination of the 
calculated hcats of formation for the free cyclophane lo4+, 
FeCp,, and the [1O.FeCp,l4' complex indicates a high degree 
of stabilizing interactions, since the complexes have a heat of 
formation 36 kcalmolF' lower than the sum of the heats of 
formation of the separate constituents. 


Conclusions 


The template-directed synthesis of two organic molecular 
rectangles incorporating dibenzofuran units, 64+ and lo4+, has 
been accomplished. We have employed a synthetic strategy in 
which catenanes were initially prepared in order to identify ap- 
propriate templates for the synthesis of the organic rectangles in 
reasonable yield." These rectangles have also proved to be 
useful building blocks for supramolecular, noncovalent synthe- 
sis in the solid state, where they form supramolecular poly- 
mersr6' (specifically self-assembled r81 tapes consisting of tetraca- 
tionic macrocycles linked by the crossed aryl-aryl stacking 
motif of the dibenzofuran subunits) .r481 Furthermore, the cy- 
clophane 64+ forms nanotubular channels in the solid state. We 
believc that the anticipated solid-state x-donor/x-acceptor 
stacks''4] (analogous to those observed for the cyclophanc 14+) 
are not produced because of the predisposition of thc dibenzo- 
furan subunits to form the crossed x-x stacks that we have seen 
repeatedly in our crystal structures. This motif is cvcn prcvalcnt 
in the crystal structure of the [3]catenane 94+, in which a two-di- 
mensional mosaic is produced: the crossed aryl-aryl stacking of 
the dibenzofuran units proceeds in one direction, while a DAD- 
DAD sequence of x-donors (D) and x-acceptors (A) extends 
throughout the crystal in the other direction. This x--71 stacking 
motif displayed by the dibenzofuran subunits has powerful im- 
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plications for the rational design of organic solids, that is, crys- 
tal engineeringr5] and in the preparation of new supramolecular 
materials.[" Moreover, we have made the scrcndipitous discov- 
ery of the plerotopic tecton [4-HI3', which possesses comple- 
mentary hydrogen bond donor and acceptor sites. The 2,8-dis- 
ubstituted dibenzofuran unit in this trication orients the 
complementary hydrogen bonding sites in a horseshoe-like fish- 
ion, permitting tecton dimerization in the solid state to form a 
supramolecular macrocycle. Conversely, cocrystallization of the 
tecton with BPP34C10 induces opening of thc dimcric super- 
molecule to provide a p ~ e u d o p o l y r o t a x a n e [ ~ ~ ~  supramolecular 
array that combines both n-n stacking and hydrogen bonding 
interactions. In terms of the hydrogen bonding demeanor dis- 
played by the 4 - H 3 +  tecton, the superstructural changes exhib- 
ited in the system presented here correspond to  the opening of 
the closed [(4-H)3 '1, noncovalently-linked macrocycle to lorin 
a [ (4-H)j  '1, noncovalent polymer (Scheme 4), perhaps imply- 
ing that the system could perform as a prototypical supramolec- 
ular 7.8f1 


Experimental Section 


Materials and Methods: Anhqdrous MeCN was distilled from CaH, under 
N,.  Anhydrous D M F  and CCI, were obtained from Aldrich in Sure/Seal"' 
containers and stored under N,. Bz,O, was vacuum-dried for 24 h before 
use. Similarly, NH,PF, was vacuum-dried prior to dissolution in H 2 0  for 
anion exchange procedures, except for the preparation of 4-H.3 PF,. 
NH,PF6 was considered to be suitable for use when it was odorless. Flash 
chromatography was carried out under the usual conditions,[5" except that 
we employed a flow rate of 3.8 cm min- I .  Conventional percolation column 
chromatography was performed on silica gel 60 (Merck 9385, 230- 
400 mesh). iMelling points were determined with an Electrothermal 9200 
inclting point app;iriitus and are uncorrected. Proton and I3C NMR spectra 
were recorded 011 :I Bruker AC300 spectrometer (at 300 and 75 MHz. respec- 
tively) or on a Brukcr AMX 400 (at 400 and 100 MHz, respectively) with the 
deutcrated solvcnt as the lock and the residual solvent as internal reference. 
Liquid secondary-ion mass spectra (LSIMS) were obtained with a VG Zab- 
spec mass spectrometer equipped with a cesium ion source and using a 
,n-nitrohenLyl alcohol matrix. Electronimpact mass spectra (EIMS) were 
obtained from a VG Prospec mass spectrometer. Microanalyses were per- 
formed by thc University of North London Microanalytical Services. The 
cry\tal growing methods used were as described by Jones.i571 


2,8-Ris(chloromethyl)dibenzofuran (3): The procedure used was similar to one 
reported in the Russian literature.i231 A suspension of paraformaldehyde 
(48.0 g. 1 .S mol) in AcOIl(250 mL) and H,PO, (29 mL, 85 wt % in H,O) was 
hcatcd to 100°C with vigorous stirring until a clear, homogeneous solution 
was obtained. The solution was cooled to ambient temperature and then 1 2 ~  
HC1 (148 mL) was added to the stirred solution. Dry HCI gas was bubbled 
thi-ough the cloudy solution with stirring for 0.5 h until the solution became 
clcar again. At this point, dibenzofuran (16.8 g, 0.1 mol) was added all at 
once. Gas addition was continued and, after 2 h, the temperature of the 
reaciion mixture was raised to S O  "C. The tcmpcrature was increased to 80 C 
aftcr n further 2 h, and then ultimately increased to 90°C 2 h later. Finally, 
7.5 h after the addition of the dibenzofuran, the reaction mixture was poured 
into H,O ( 2  L). The resulting precipitate was collected and washed thorough- 
ly with H,O (4 L) and air-dried. Several recrystallirations of the residue from 
iPr,O provided 16.3 g (62 %i) of3 as a white solid. M.p. 125'C (ref. [23] m.p. 
128- 130 C ) ;  ' H  NMR (300 MHz, CDCI,. 2O'.C): d = 4.75 (s, 4H),  7.47 
(dd. . I=X.  I Hz,~H),~.~~(~.J=~HL,~H),~.~~(~,J=IHz,~H);'"C 
NMR (75 MH7, CDCI,, 20 'C) :  5 = 46.5, 112.1, 121.1, 124.2, 128.3, 132.4, 
156.5: EIMS: n11: = 264 [MI '  C,,H,,C1,0 (265.1): calcd C 63.42, H 3.80; 
found C 63.49, H 3.87. 


1, I'-~2,8-Dihen~ofuranhis(methylene)/bis-4,4'-pyridylpyridinium his(hexa- 
fluorophosphate) (4 2 PF,) A solution of 2,8-bis(chloromcthyI)diben~ofuran 
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3 (0.26 g, 1 .0 mmol) in anhydrous MeCN (15 mL) was added dropwise with 
stirring to a refluxing solution of 4,4'-bipyridine (1.09 g, 7.0 mmol) in anhy- 
drous MeCN (10 mL) for 3 h under N,. The solution was heated under reflux 
for a further 45 h and then treated with Et,O (60 mL) on cooling. The 
remaining greenish solid was collected and washed with Et,O (50 mL), before 
being dissolved in a small amount or a hot 60% MeOHi20% H,0/20% 
saturated aqueous NH,CI solution and subjected to flash chromatography 
with the same solvent. The fractions containing the product were combined 
and the solvents evaporated. The residue was dissolved in warm H,O. The 
title compound 4.2PF6 precipitated out of solution upon addition of a con- 
centrated aqueous solution of NH,PF,. The remaining white solid was col- 
lected, washed with H,O, and dried (0.34g, 43%). M.p. 156'C with de- 
camp.; ' H N M R  (~OOMHL, (CD,),CO, 20°C): 6 = 6.27 (s, 4H),  7.81 (d. 
. J = 9 H ~ , 2 H ) , 7 . 9 1  (dd,.I=9,2H~,2H),7.95(d,J=6Hz,4H),8.45(d, 
J = 2 H z ,  2 H ) ,  8.64 (d, J = 7 H z ,  4H),  8.85 (d, J = 6 H z ,  4H) ,  9.38 (d, 
J = 7  Hz, 4H);  I3C NMR (75 MHz, (CD,),CO, 20'C): 6 = 65.1, 113.7. 
121.2. 123.6, 125.4. 127.1, 129.6, 130.4, 142.1, 146.1, 151.9. 155.1, 157.9; 
LSIMS: mi2 = 651 [ M  - PF,]'; C,,H,,F,,N,OP, (796.5): calcd C 51.27. H 
3.29, N 7.03; found C 51.07, H 3.15, N 6.97. 


Plerotopic Tecton 4-H.3 PF,: A similar procedure to the one described above 
was einployed to prepare 4.2C1 from 3 (0.53 g, 2.0 mmol) and 4,4'-bipyridine 
(2.18 g, 14.0 mmol). After evaporation of the solvents from flash chromatog- 
raphy, the residue was dissolved in warm H,O and a concentrated aqueous 
solution of practical grade NH,PF6 (Aldrich, 95 + Yo) was added until pre- 
cipitation was complete. The precipitate was collected and recrystallized from 
Me,CO/MeOH/€l,O to give 0.78 g (41 ' X )  of 4-H.3PF6 as white flakes. 
M.p. 221-225°C; ' H N M R  (300MHz. (CD,),CO. 20'C): 6 = 5.60 (brs, 
1 H) ,  6.30 (s. 4H). 7.81 (d, J = 8 Hz, 2 H ) ,  7.92 (dd, J = 8, 2 Hz, 2H). 8.35 
( d , J = 7 H ~ , 4 H ) , 8 . 4 2 ( d , . I = 2 H z , 2 H ) , 8 . 7 1  ( d , J = 7 H r , 4 H ) , 9 . 1 1  (d. 
J = 7  Hz, 4H) ,  9.44 (d, J = 7 H z ,  4H);  I3C NMR (75 MHz. (CD,),CO. 
20'C): 6 = 65.3, 113.7. 123.7, 125.1, 125.4, 127.8, 129.6, 130.5, 146.5, 
147.3, 148.2, 153.7. 158.0; LSIMS: m/z = 651 [M - HPF, - PF,]-; 
C3,H,,F,,N,0P3 (942.5): calcd C 43.33, H 2.89, N 5.94: found C 43.09, H 
2.84, N 5.79. Single crystals, suitable for crystallographic analysis. were 
obtained by liquid diffusion of Et,O into an EtOH/Me,CO solution of 
4 H.3PF,. 


{ 121-ICyclobis(paraquat-2,8-dibenzofuran)]-[ BPP34 C 101-catenane} 
Tetrakis(hexafluorophosphate) (S.4PF6): A solution of BPP34C 10 (108 mg. 
0.20 minol), 4 - 2  PF6 (79 mg, 0.10 mmol), 2,8-bis(chlororiict~iyl)dibcnzofuran 
3 (34 mg, 0.13 mmol), and a catalytic amouiit of NaI ( 2  mg, 0.01 mmol) in 
anhydrous MeCN (5.5 mL) was stirred under N, at 20 :C for 19 d. The 
solution was conccntrated in vacuo and the residue was dissolved in a sinall 
amouiit of a hot 70% MeOH/l0% MeNO,/20% 2~ aqueous NH,Cl solu- 
tion, before being subjected to percolation column chromatography with the 
same solvent. The fractions containing the product were combined and the 
solvents evaporated. The residue was dissolved in warm aqueous MeOH. The 
catenane S,4PF6 precipitated out of solution upon addition of a concentrated 
aqueous solution of NH,PF,. The remaining orange solid was collected. 
washed with H,O and dried (SSmg, 30%"). M.p. 261°C with decomp.; 
' H N M R  (300MHz, (CD,),CO, 20°C): 6 = 3.61-3.83 (m. 32H). 6.03 (s, 
XH),6.30(~,8H),7.88(d,J=OH~,4H),7.97(d,J=9Hz,4H),8.22(s, 
4 H ) , 8 . 3 2 ( d . J = 7 H z ,  ~H),~.~~(~,J=~HZ,XH);~~CNNMR(~OOMHZ, 
(CD,),CO, 31 " C ) :  6 = 65.2, 68.6, 70.8, 71.1, 71.2. 113.2, 115.7, 122.0, 125.8, 
126.9, 130.4, 131.2, 147.2, 148.9, 153.0, 158.0: LSIMS: I ~ Z  =1671 
[ M  ~ PF,]'; C,,H,,F,,N,O,,P, (1817.3): calcd C 50.23, H 4.22. N 3.08; 
found C 50.07, H 3.91, N 3.11. Single crystals, suitable for X-ray crystallo- 
graphic analysis, were grown by vapor diffusion of PhH into a MeNO, 
solution of the catenane. 


Cyclohis(paraquat-2,8-dibenzofuran) Tetrakis(hexafluorophosphate) 
(6.4PF6): A solution of 4.2PF, (79 mg, 0.10 mmol). BHEEN (119 mg. 
0.35 mmol). 2.8-bis(chloro1ncthyI)dibenzofuran 3 (30 mg, 0.1 1 mmol), and 
NaI (7 mg, 0.05 mmol) in anhydrous MeCN (21 mL) wds stirred under N, at 
2O'C for 1Sd,  after which the reaction mixture was poured into Et,O 
(160 mL). The resultant red precipitate was collected and washed further with 
~ t ,0 (50mL)be~orebe ingd i s so lved ina70 '~"  MeOH;l0% MeNO,,20% 2~ 
aqueous NH,CI solution, and subjected to percolation column chromatogra- 
phy with the same solvent. The fractions containing the product were com- 
bined and the solvents evaporated. The residue was dissolved in warm HZO. 
filtered, then treated with a concentrated aqueous solution of NH,PF6. The 
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precipitate generated was collected, washed with H,O, and dried to afford 
6.4PF6 as a white solid (63 mg, 49%). M.p. 272 "C with decomp.; 'H NMR 
(300MH~,CD,CN,20"C):6=5.92(~,8H),7.76(d,J=8Hz.4H),7.83(d, 
J=8H~,4H),8.00(~,4H),8.25(d,J=7Hz,8H),8.89(d,J=7Hz,8H); 
"C NMR (75 MHz, CD,CN, 20°C): S = 65.6, 113.4, 123.3, 125.8, 128.2, 
129.1, 129.8, 131.7, 146.4, 150.8; LSIMS: m/z =I135 [M - PF,]+; 
C,,H,,F,,N,OP, (1280.7): calcd C 45.02, H 2.83, N 4.37; found C 44.96, H 
2.71, N 4.47. Single crystals, suited for X-ray crystallographic analysis, were 
grown by vapor diffusion of iPr,O into a solution of 6.4PF6 in MeNO,. 


3,7-Bis(hromomethyl)dihenzofuran (7): This dibromide WAS prepared by an 
adaptation of Weber and Kormany's procedure.[34] A solution containing a 
catalytic amount of Bz,O, (12 mg) and 3,7-dimethyldibenzof~ran~~*~ (1.76 g. 
9.0 mmol) in anhydrous CCI, (36 mL) was heated with stirring to 70 "C 
(bath). NBS (3.20 g, 18.0 inmol) and more Bz,O, (46 mg) were added to the 
solution in small portions over a period of 15 min. Thereafter, the reaction 
mixture was heated under reflux with stirring under slight N, pressure for 3 h. 
The reaction mixture was cooled to 2 0 ° C  then the resulting precipitate was 
collected and recrystallized from CC1, to give 1.36 g (43%) of the title com- 
pound 7 as a white solid. M.p. 205-208°C (ref. [34] m.p. 193-194°C); 
'H NMR (300 MHz, CDCl,, 20°C): S = 4.65 (s, 4H) ,  7.37 (dd, J = 8, 1 Hz, 
2H),  7.59 (d, J = 1  Hz, 2H) ,  7.88 (d, J =  8 Hz, 2H); 13C NMR (75 MHz, 
CDCI,, 20°C): 6 = 33.7, 112.3, 121.0, 124.0, 124.1, 137.4, 156.6; EIMS: 
mjz = 354 [MI'; C,,H,~,Br,O (354.0): calcd C 47.50. H 2.85; found C 47.51, 
H 2.96. 


l,l'-[3,7-Dihenzofuranhis(methylene))bis-4,4'-pyridylpyridinium his(hexa- 
fluorophosphate) (8.2PF6): A solution of 7 (0.25 g, 0.7 mmol) in anhydrous 
DMF (12 mL) was added dropwise with stirring to a refluxing solution of 
4,q-bipyridine (0.77 g, 4.9 mmol) in anhydrous MeCN (5 mL) over a period 
of 3 h under N,. The solution was heated under reflux for a further 20 h, 
before being treated with Et,O (40 mL) upon cooling. The remaining solid 
was collected, washed with Et,O (40 mL), dissolved in a small amount of a 
hot 60 % McOH/20% H,0/20 '/o saturated aqueous NH,C1 solution, and 
thereupon subjected to flash chromatography with the same solvent. The 
fractions containing the product were combined and the solvents evaporated. 
The residue was dissolved in warm H,O. The title compound 8.2 PF, precip- 
itated out of solution on addition of a concentrated aqueous solution of 
NH,PF,. The remaining solid was collected and recrystallized from EtOH/ 
Me,CO/H,O to give 8.2PF6 as a white solid (0.43 g, 86%). M.p. 169°C with 
decomp.; ' H N M R  (300 MHz, (CD,),CO, 20°C): 6 = 6.32 (s, 4H),  7.76 (d, 
J = 8 Hz, 2H),  7.96 (d, J = 6 Hz, 4H),  8.06 (s, 2 H), 8.31 (d, .I = 8 Hz, 2H),  
8.71 (d, J =7 Hz, 4H), 8.85 (d, J = 6 Hz, 4H), 9.46 (d, J = 7  Hz, 4H); 13C 
NMR (75 MHz, CD,CN, 20'C): S = 65.0, 114.0, 122.8, 123.5, 125.5, 125.7, 
227.3, 133.9, 142.1, 146.0, 152.1, 155.7, 157.7; LSIMS: mjz = 651 
[M - PF,]' ; C34H,,F,,N,0P2 (796.5): calcd C 51.27, H 3.29, N 7.03; found 
C 51.47, H 3.33, N 6.36. 


{131-IBPP34 C lO)-ICyclobis(paraqnat-3,7-dibenzofuran)~-[BPP34 C IOI-cate- 
nane} tetrakis(hexafluoroph0sphate) (9.4PF6): A solution of BPP34C 10 
(109 mg, 0.20 mmol), 8.2PF6 (79 mg, 0.10 mmol), and 3,7-bis(bro- 
momethy1)dibenzofuran 7 (45 mg, 0.13 mmol) in anhydrous 60% MeCN/ 
40% DMF (5.5 mL) was stirred under N, at 20 "C for 10 d. The reaction 
mixture was worked up, as described for the [2]catenane 5.4PF6,  to give the 
[3]catenane 9.4PF6 as a magenta-colored solid (42 mg, 18%). M.p. 273°C 
with decomp.; 'HNMR (400 MHz, (CD,),CO, -20°C): 6 = 3.41 (brs, 
8H),3.68(brs,SH),3.76-4.11 (m,56H),6.13(~,8H),6.19(~,8H),7.84(dd, 
J = X , 1 H z , 4 H ) , 8 . 1 3 ( d , J = I H z , 4 H ) , 8 . 1 7 ( d ,  J = 7 H z , 8 H ) , 8 . 3 2 ( d ,  
J =  8 Hz, 4H),  9.20 (d, J = 7  Hz, 8H);  13C NMR (100 MHz, (CD,),CO, 
31 "C): S = 65.7,67.7,70.7,70.9,71.4,114.3,115.5, 123.1.125.4. 125.9, 132.1, 
133.0, 135.0, 146.1, 146.3, 152.0; LSIMS: m/z = 2209 [M - PF,]+; 
Ci,,Hll,F,4N40,,P, (2353.9): calcd C 53.07, H 4.97, N 2.38; found: C 
52.87, H 5.09, N 2.1 2. Single crystals, suitable for X-ray crystallography, were 
grown by vapor diffusion of iPr,O into a solution of 9.4PF6 in MeCN. 


Cyclobis(paraquat-3,7-dihenzofuran) tetrakis(hexafluorophosphate) 
(10.4PF6): A solution of 7 (36 mg, 0.10 mmol) in anhydrous D M F  (1.9 mL) 
was added to a stirred solution of 8.2PF6 (81 mg, 0.10 mmol) and FeCp, 
(410 mg, 2.21 nimol) in anhydrous MeCN (1 5 mL) under N,, After the reac- 
tion mixture had been stirred at 20°C for 17.5 d, the solvent was removed 
under reduced pressure, and the residue washed by stirring with Et,O 
(50 mL). The residue was worked up as described for 6.4PF, to afford the 


title compound 10-4PF6 as a yellow solid (48 mg, 37%). M.p. 239°C with 
decomp.; ' H N M R  (300 MHz, CD,CN, 20'C): ( 5  = 5.94 (s, 8H) ,  7.43 (d, 
J = l  Hz, 4H),  7.68 (dd, J =  8, 1 Hz, 4H),  8.15 (d, J =  8 Hz, 4H).  8.24 (d, 
. / = 7 H z , 8 H ) , 8 . 9 3 ( d , J = 7 H z , 8 H ) ;  13CNMR(75MHr,CD,CN.20"C):  
6 = 65.8, 112.5,123.4, 125.6, 128.3, 128.5, 134.9, 146.4, 150.R. 157.6; LSIMS: 
m/z =I135 [ M -  PFhlf ;  C3,H,6F,,N40P2 (1280.7): calcd C 45.02, H 2.83, 
N 4.37; found C 45.73, H 2.90, N 3.83. Single crystals. suitable for X-ray 
analysis. were obtained when a MeCN solution of the tetracationic macro- 
cycle was layered with iPr,O. 


X-Ray Crystallographic Analyses: Table 4 provides a summary of the 
crystal data, data collection and refinement parameters for the compounds 
4--H.3PF6, S.4PF6, 6,4PF,, 9.4PF6. and 1O.4PF6, and the complex 
[4-H.BPP34C10][PF6], . Refinements were by full matrix Icast-squares 
based on F 2 ;  in the case of S.4PF6, the refinement was blocked on account 
of the large number of variable parameters. In all the structures. the major 
occupancy non-hydrogen atoms were refined anisotropically. All the strnc- 
tures, with the exception of 6,4PF, and 10,4PF6. contain disordered PF; 
anions. In each case, the disorder was resolved into alternate, partial occu- 
pancy orientations. All the structures contain included solvent molecules; in 
10.4PF6, these molecules are both ordered and of full occupancy, whereas in 
the other five structures there is a mixture of ordered full occupancy mole- 
cules and disordered molecules distributed over multiple partial occupancy 
sites. All of the C -H hydrogen atoms in each of the six structures were placed 
in calculated positions, assigned isotropic thermal parameters, U(H) = 
3.2 U,,(C) [U(H) = 1.5 ci,,(C .Me)], and allowed to ride on their parent 
atoms. In S.4PF6, one of the polyether linkages was found to be disordered, 
and alternate, partial occupancy conformations were identified. The major 
occupancy conformation is that Illustrated. Computations were carried out 
with the SHELXTL PC program system.'"" The crystallographic data (cx- 
cluding structure factors) for the structures reported in Table 4 have been 
deposited with the Cambridge Crystallographic Data Centre as supplemen- 
tary publication number CCDC-100139. Copies of the data can bc obtained 
free of charge on application to The Director, CCDC, 12Union Road, 
Cambridge, CB2 IEZ, UK (Fax: Int. code +(1223)336-033; e-inail: 
deposit(u:chemcrys.cam.ac.uk) . 


Methods for the Determination of the Association Constants by UV/Vis and 
'HNMR Spectroscopy: 


Method A: A series of solutions of the tetracationic cyclophane 6.4PF, at 
constant concentration (1.15 x 1 0 - 3 ~ )  and containing different amounts of 
BHEEN (10-4-10- '~)  in MeCN were prepared. The absorbance at the 
wavelength (i,,,J corresponding to the maximum of the charge-transfer band 
for the 1 : 1 complex was measured for all the solutions at 25' C. The correla- 
tion between the absorbance and the guest concentration was usedr3'! to 
evaluate the association constant ( K J  in a nonlinear curve-fitting program 
(Ultrafit, Biosoft, Cambridge, 1992) running on an Apple Macintosh person- 
al computer. A similar procedure was employed for the determination of the 
association constant for the [4-H.BPP34C 10][PF6], complex in Me,CO 
with solutions having a constant concentration of 4- H.PF, and VArbdbk 
amounts of BPP34C10. 


Method B: A series of solutions of constant Concentration (2.2 x 1 0 - 3 ~ )  of 
the tetracationic cyclophane 10.4PF, and containing variable quantities of 
FeCp, - 1 0 - l ~ )  in CD,CN were prepared. The chemical shifts of the 
host protons attached to the bipyridinium units /I  to the nitrogen atoms were 
measured by 'HNMR spectroscopy at 25 "C.  The correlation between the 
chemical shift and the guest concentration was u ~ e d [ ~ ' . ~ * ~  to evaluate the 
association constant ( K J  in a nonlinear curve-fitting program (Ultrafit, Bio- 
soft, Cambridge, 1992), running on an Apple Macintosh personal computer. 


Molecular Simulation: All molecular mechanics simulations (except those 
incorporating FeCp,) were carried out by means of the Amher* forcefield as 
implemented in Macromodel V 5.0.[60' Sybyl molecular mechanics and AM 1 
and PM 3 semiempirical calculations were carried out with Spartan 4.1 , I  .[611 


All calculations were performed on a Silicon Graphics Power Indigo2 Work- 
station. Generally, the starting structures were assembled within the Macro- 
model INPUT submode and then fully minimized (final gradient 
<0.5 k J k ' )  by the Polak Ribiere Conjugate Gradient (PRCG) algorithm. 
Solvation (with extended cut-offs) was included in the form of the GBjSA 
solvation model for H,O, and was utilized for all molecular mechanics simu- 
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Table 4. Crystal data, data collection, and refinement parameters [a] 


4- H . 3  PF, [4-H.BP1'34ClO] 5 4PF6 6.4 PF,, 9 4PF6 10.4PF6 
[PF613 


formula 
solvent 
formula weight 
color. habit 
crystal sireimm 
lattice type 
space group 
17K 
cell dimensions 


<,.,A 
h +  
?A 
9 deg 
{I deg 
y dep 


I.' A' 
Z 
D, g ~ m - ~  
F(O00) 
rxht io i i  used 
p,'nim ~ ' 
0 range !deg 
no. of unique reflections 


ineasured 
observed, IF,I >4g( \E ,J )  


no. of vnriables 
R,.  % [d] 
K R ~ ,  '% [el 
weighting factors a,  b [f] 
largest difference peak, 
hole i e A  ' 


C,,W,,N,O. 3 PF, 
0.5 Me,CO. 0.5Et,0 
1008.6 
clear needles 
0.40 x 0.28 x 0.1 5 
triclinic 


293 


10.848(2) 
14.iox(i) 
16.959(2) 
72.30( 1) 
75.1 Y( 1 )  
84.12(1) 
2%') .6( 5 )  


pi 


, 
1.402 
1022 


2.117 
4.2 60.0 


6978 
5608 
633 
7.62 
21.77 


CUK, 


0.145, 2.943 
0.75. -0.44 


C,ZH,,N,O,, .3PF, 
2 MeCN 
1561.2 
red blocks 
1 . 0 0 ~  1.00 x0.50 
triclinic 


293 


13.531(2) 
14.140(2) 
21.664(3) 
96.08(1) 
95.61(2) 
11 1.88(2) 
3782.3(9) 


p i  


1371 
1612 
M 


1.8 -22.5 


9754 
59x5 
1028 
8.51 
23 86 


0.182 


0.154, 3.447 
0.69, -0.31 


C,,H,,N,0,,.4PF6 
PhH .4  MeNO, 
2139.6 
amber blocks 


triclinic 


233 


10.516(2) 
15.429(4) 
30.595(4) 
s0.45(2) 
83.63(3) 
XS.SS(2) 
48.58(2) 
2 
1.463 
2204 
CU,, [bl 
1.759 


0.53 x 0.30 x 0.17 


p i  


1.5 5s.n 


11886 
9255 
1424 
Y.69 
26.31 
0.169, 9.811 
0.76, -0.52 


CuH,&"O, -4PF ,  
SMeNO, 
1585.9 
yellow prisms 
0.33 x 0.33 x 0.17 
monoclinic 
P2,  / c  
203 


18.606(1) 


17.076(2) 
21 .884(2) 


112.47(1) 


6425( 1) 
4 


3216 
CUK, Ibl 
2.333 
2.6 60.0 


9470 
6036 
929 
13.92 
36.39 


0.78. -0.60 


1.640 


0.204, 53.962 


C,o,H,,eN,0,2 -4PF6 
4 MeCN 
2518.1 
red blocks 


triclinic 


243 


13.606( I )  
14.413(1) 
17 Y26(2) 
71 .X0(1) 
85.75(1) 
64.57(1) 


0.67 x 0.40 x 0.17 


pi 


3008.6(5) 
1 [cl 
1.390 
1308 
CU,, [bl 
1.519 
2.6 -60.0 


8607 
5897 
833 
11.22 
30.30 
0.212, 4.827 
0.90, -0.41 


C,,H,,N,O, .4PF, 
4MeCN 
1444.9 
yellow plates 


triclinic 


293 


10.499( I )  
12.236(1) 


0.40 0.27 0.13 


pi 


13.274( I )  
85.32(1) 
72.51(1) 
75.79(1) 
1576.6( 1) 


1.522 
732 


2.190 
3.5-63.7 


5121 
3904 
426 
9.01 
25.57 


1 [cl 


CU,, 


0.160, 1.503 
0.92. -0.59 


[a ]  Details in common: graphite monochroinated radiation, io-scans, Siemens P4 diffractometer, refinement based on F'. [b] Rotating anode source. [c] The molecule has 
cr)stallographic C, symmetry. id] R ,  = xl[F,l - lF,I1;ClEl. [e] wRZ = ~ ~ ~ [ , I , ( ~ ~ ~ ~ ~ ) ~ ] ~ ~ ~ , , ( ~ ~ ~ ' ] ~ ,  [f] iF' = d(c:) + (UP)' + hP. 


hi ions  that employed the Amber* forcefield. Molecular dynamics simula- 
tions (MD) were carried out a t  a bath temperature of 300-900 K (timestep = 


1 .S Is) with dala sampling during the acquisition period (genei-ally 
10 100 ps). Routinely, 100 conformations were sampled and subsequently 
minimized with the conditions and procedures described above. For struc- 
tures containing the FeCp, unit, the general inolecular mechanics forcefield 
Sybyl wiis employed. A M  1 and P M  3 semiempirical calculations werc carried 
out on the lowest energy conformations obtained from molccular mechanics, 
dynamics calculations. The coordiiiates for FeCp, were obtained from the 
Daresbui-y Crystnllographic Database.'"' 
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cj  C .  R. Hubbard. A. D. Mighell, I. H .  Pomerantz, ibid. 1978.34. 2381-2384. 


1491 Red blocks suitable for crystallographic analysis were obtained when an 
MeCN solution containing equimolar quantities of 4-H '3PF6 and 
BPP34C10 was layered with Et,O. 


[SO] a) F. M. Raymo. J. F Stoddart, Trend? Po/ym. S i .  1996, 4, 208 211, b) M.  
Asakawa, P. R. Ashton, G. K. Brown. W. Hayes. S. Menzer, J. E Stoddart, 
A. J. P. White. D. J. Williams, A h .  Muter. 1996,8, 37-41: c) P. R. Ashton, R. 
Ballardini. V. Halzani. M. Belohradsky. M. T. Gandolfi, D.  Philp, L Prodi, 
F. M. Raymo, M. V. Reddington, N. Spencer, J. F. Stoddart. M,  Venluri, D. J. 
Williams, J Am. ('IJPM. Soc. 1996, 118. 4931-4951. 


37.5925 - s92x 


J. F. Stoddart et al. 


[Sl ]  Analogously, pyrazine perchlorate shows the formation o f a  linear tape in the 
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Abstract: The reaction of [(CsR,)Cr(q6- 
Cot)] (R = H, Me; Cot = cyclooctatetra- 
ene) with [(CO),Fe(q-cis-cyclooctene),l 
affords the heterodinuclear complexes 
[ (C,R,)Cr{p-q5(Cr) : q3(Fe)-Cot}Fe(CO),] 
(R = H: I, R = Me: 2) in quite good 
yields. One of the CO ligands in I and 2 
can be easily substituted by a phosphane 
ligand, PR; (R' = Me, Ph, OEt, F) to ob- 
tain [(CjRs)Cr{p-y5(Cr):q3(Fe)-Cot}Fe- 
(CO),PR3] (R = H, R' = Me: 3a;  R = 


H, R' = Ph: 3b; R = Me, R' = Me: 4a;  
R =Me,  R ' = P h :  4b; R = M e ,  R ' =  
OEt: 4c;  R = Me, R = F: 4d). The X- 
ray structure determinations of 2,3a ,  and 


Introduction 


4c  showed exclusively synfacial coordina- 
tion of the two metal ligand moieties, de- 
spite the bulky C,Me, (Cp*) ligand in 2 
and 4c. However, the steric demand of 
Cp* gives rise to structural distortions in 2 
and 4c,  compared to the Cp-containing 
products 1 and 3a,  and an elongation of 
the Cr-Fe distance from 293 pm to 303 


Keywords 
bridging ligands - cyclooctatetraene * 


EPR spectroscopy - heterodinuclear 
complexes a. structure elucidation 


In order to obtain a deeper insight into intermetallic communi- 
cations in heterodinuclear complexes, we have examined the 
mutual influence of the metal centers in heterodinuclear com- 
plexes with a bridging cyclooctatetraene (Cot)['. 'I which do not 
obey the 34 valence electron (VE) rule for dinuclear cy- 
cloolefinic-bridged complexes.[3. 41 In complexes with 34 VE 
two stable stereoisomers have been obtained, which show a 
synfacial (A) and an antifacial (B) coordination m ~ d e . [ ~ - ~ I  


Interestingly, both the antifacial and the synfacial complexes 
are diamagnetic, although a direct metal-metal bond can be 
excluded in the former because of the long metal -metal distance 


[*] Prof. Dr. J. Heck, Dr. G.  Bogels, Dr. H. C. Brussaard, 
DipLChem. U. Hagenau. Prof. Dr. J. Kopf 
lnstitut fur Anorganische und Aiigcwdndte Chemie, Universitdt Hamburg 
Martin-Luther-King-Platz 6, D-20146 Hamburg (Germany) 
Fax: Int. code +(40)4123-6348 
e-mail: heck@chemie.uni-hamburg.de 
Dr. Ir. J. G. M. van der Linden, A. Roelofsen 
Vakgroep Anorganische Chemie, Universiteit Nijmegcn 
Toenooiveld, NL-6525 ED Nijmegen (Netherlands) 


[**I Cooperative effects in ?I ligand bridged dinuclear complexes, Part 21 ; Part 20. 
J. Heck, J. Kornich, J .  Organornet. Chem. in press; Part 19: U. Hagenau, 
J. Heck, E. Hendrickx, A. Persoons, T. Schuld, H. Wong, Inorg. Clzern. 1996. 
35, 7863-7866. 


and 304 pm, respectively. The heterodinu- 
clear complexes were investigated by 
cyclic voltammetry and ESR spec- 
troscopy in order to elucidate the role of 
the permethylation of the cyclopentadi- 
enyl ligand and the influence of phos- 
phane ligands with different 7r-accepting 
abilities. The ESR spectroscopic results 
reveal surprisingly large 31P hyperfine 
coupling constants (hfcc). These can be 
explained by a superposition of two dif- 
ferent electron spin transfer mechanisms, 
which include a B- and a x-bonding mode 
between the Cr and Fe centers. 


A 


synfacial 


B 


antifacial 


0 = x-perimeter 


(> 370 pm). The strong electron-electron coupling between the 
metal centers must therefore occur through the bridging organic 
7r ligand. Hence, it would be worthwhile to get more information 
about the interaction between both metal centers in antifacial 
p-Cot complexes in comparison to corresponding synfacial 
derivatives. When compounds are paramagnetic, as in 33 VE 
complexes, ESR spectroscopy has been shown to be a very pow- 
erful tool for this purpose.["'] There have not yet been any 
reports published on the successful synthesis of an antifacial 
complex with 33 VE. Since steric effects of the permethylated 
cyclopentadienyl ligand Cp* can force the formation of an an- 
tifacial configuration in some cases,[,] we employed [CpCr(q6- 
Cot)] and [Cp*Cr(q'-Cot)]['] as the starting materials for syn- 
thesizing dinuclear paramagnetic 33 VE complexes of general 
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composition [(C,R,)Cr(p-Cot)Fe(CO)J (R = H :  1; R = Me: 
2) with the aim of obtaining syn- as well as antifacially configu- 
rated products as a function of R. Additionally, we decided to 
exchange one CO ligand in 1 and 2 for phosphane ligands PR3 
having different x-accepting abilities in order to  control the 
metal-metal interaction. This interaction was investigated by 
X-ray structure determinations, electrochemistry, and ESR 
spectroscopy. 


Results 


Synthesis: The first synthesis of 1 was achieved through the 
reaction of [(q"-Cot)Fe(CO),] with [CpCrCI,] under vigorous, 
reductive conditions.['] However, with [CpCr(q6-Cot)] and 
[(C'O),Fe(q-ci.~-cyclooctene),l[~~ as starting materials, I was 
readily formed within a couple of hours under mild conditions 
and in high yields, owing to the lability of the cis-cyclooctene 
ligands in [(CO),Fe(q-cis-cyclooctene),l [Eq. ( I ) ,  C,H,, = cis- 


[(C,R,)Cr(~-Cot)r;e(CO)~] + 2 C,H 14 ( 1  ) 
1 (R = H), 2 (R = Me) 


cyclooctene]. This type of reaction was also successful with the 
sterically demanding [Cp*Cr(q6-Cot)], which gave 2 in yields 
similar to  those for 1. The deep black-brown, air-sensitive prod- 
ucts 1 and 2 contain 33 VE and are paramagnetic with one 
unpaired electron. 


Abstract in German: Die heterodinucleaven Kornplere (( C ,  Rs) -  
C t ~ ( ~ i - q 5 ( C r ) : q 3 ( F e ) - C o t ) F e ( C O ) ~ ]  ( R  = H :  I ;  R = Me: 
2 .  Cot = Cyclooctatetraen) wevden in guten Ausheuteiz durcii 
d ie  Reaktion von [ (C,R,)Crjq6-Cot)] ( R  = H, M e )  mit 


laocten),] gehildet. In 1 und 2 1bJt sich ein 
CO-Ligundlricht cluvclz einen PR;-Liganden ( R  = M e ,  Ph, OEt,  
F )  suhstituitwn, und man erhult [ ( C , R , ) C r j ~ - q 5 ( C r ) : q 3 ( F e ) -  
Cot )Fe(CO) ,PRj j  ( R  = H ,  R = Me: 3a;  R = H .  R' = PI?: 
3 b ;  R = Me,  R = Me:  4 a ;  R = M e ,  R' = Ph: 4 b ;  R = M e ,  
R' = OEI:  4 c :  R = M e ,  R = F: 4 d ) .  Die Ergehnisse von Einkri- 
stall-Rijntgenstrukturuiztc.rsuchi*ngen hestiitigen ausschlieJlieh 
die synfiiciuk Koordination der beiden Metall-Ligand-Fragmente 
it7 2 uncl 4 c  trot? des sperrigen C,Me,-( Cp*-) Ligunden. I/C.rgli- 
chm mit  den C,H,-lialtigen Produkten 1 und 3 a  uuJert sich cler 
.sreri.sche Anspvuch ctes Cp*-Ligunden in 2 und 4 c  durclz zirsutz- 
liclze Stri*kturverzerrungen und durch eine Verlungerung des Cr- 
Fe-Ahstandees ,,on 293 auf' 303 h z ~ ' .  304 pm. Die heterodinucle- 
men Koi?lplar werdm e~~clovoltammetrisch und ESR-spektro- 
.~kopi.~ch untersucht, um den EinjluJ der Permethylierung des 
C:i,c,lopenlii~i~~n~'lli~unden sonie dm EinfLJ der Pfiosphanligan- 
den rnii Linterscliiedlichen ~-Acceptoreigenschajten aujiukluren. 
Die ESR-.cpektroskopischen Ergehnisse zeigen iiherraschend 
p ~ $ e  ' P-Hype~jeinkopplungskonstanten. Sie lussen .rich anhand 
zweier unahluingiger, sich erganzender Elektronenspin- Ubertru- 
Run~.st?zccliani.stnctz erkliiren, denen sonohl ein 0- a1.r auch n-Bin- 
dungsmodus xisclien den Cr- und Fe-Zentren zugrunde liegt. 


Complexes 1 and 2 reacted with phosphanes with substitution 
of one of the carbon monoxide ligands [Eq. (2), for substituents 
R and R', see Table I ] .  


Table 1 .  Selected IR data for [(C,K,)Cr(/l-Cot)Fz(CO),L]. 


R L i.(CO) [cm ~ '1 


1 
3a 
3 b  
2 
4 a  
4b 
4c 
4 d  


H 
H 
H 
Me 
MC 
Me 
Me 
Me 


CO 
PMe, 
PPh, 
co 
PMe, 
PPh, 
P(OEt), 
PF, 


2001. 1930 
1932, 1881 
1936, 1886 
1996. 1925 
1924. 1872 
1924, 1x79 
1936, 1885 
1968, 1924 


The reaction was monitored by IR spectroscopy. The starting 
compounds 1 and 2 show strong v(C0) absorption bands at  
2003 and 1930 cm-' and 1996 and 1925 cm- ', respectively. 
which are characteristic for a M(CO), unit with local C3#. sym- 
metry. These bands disappear, and two new v(C0) bands of 
almost equal intensities appear a t  lower wavenumbers (Table 1).  
The yields of the desired phosphane-containing products were 
between 10 and 76%. 


In the synthesis of 3a ,  small amounts of volatile by-products 
were isolated in a cold-trap after the reaction mixture had been 
dried in vacuo. IR spectroscopic studies indicated the formation 
of [Fe(CO),] and its PMe, derivatives [Fe(CO),_,(PMe,),] 
( x  = 1, 2, 3) ,191 


Structural Analyses: The X-ray structure analyses of 2, 3a ,  and 
4 c  (Figure 1, Table 2, and Table 7) revealed only synfacial con- 
figurations for the (C,R,)Cr and (CO),LFe (L = CO, PR;) 
units regardless of the nature of R (R = H, Me). The phospho- 
rus-containing ligands in 3 a  and 4c are coordinated to the Fe 
center and are trans to the Cr atom. The Cot ligands are bound 
in an q 5  mode to the chromium center and q3 to the iron center. 
This arrangement causes an interruption in the conjugation of 
the Cot carbon atoms, as shown by the distinct elongation of the 
C(3)-C(4) and C(6)-C(7) bond lengths (Table 2). The Cr-C,,, 
bond lengths are similar to those observed for (q5-pentadi- 
eny1)chromium fraginents,[l0' and the Fe-C,,, distances show 
the same long-short-long alternation as that seen in [ { ( q 3 -  
C,H,)Fe(CO),},]~"l and other heterodinuclear Fe complexes 
that contain an g3(Fe)-allylic bonding mode of the olefinic lig- 
and.['21 The Cr-Fe distance is 292.83(8) pm for the Cp deriva- 
tive 3a ,  which is almost identical to the Cr-Fe distance i n  l,''] 
and about 10 pm longer for the Cp* compounds 2 and 4 c  as a 
resulc of thc steric demand of the Cp* ligand. These metal- 
metal distances represent a long Cr- Fe singlc bond, when com- 
pared to those found in other Cr/Fe species['31 and to the hypo- 
thetical Cr-Fe single-bond length of 320 pm, estimated from 
the metal-metal distances in [{CpCr(C0),)2]['41 and [ { ( t i 3 -  


allyl)Fe(CO),),].[' ' I  
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rnCf1011 


2 


3a 


Figure 1. ORTEP drawings of the molecular structure of 2,3a ,  and 4c (the hydro- 
gen atoms arc omitted [or clarity, ellipsoids at the 50% probability level). 


The steric demand of the bulky Cp* ligand is also indicated by 
several other structural features: 


1) The Cr-C(10) bond in 2 and 4c is about 6-8 pm longer than 
the shortest bond between the Cr center and the cyclopenta- 
dienyl ligand, while the corresponding difference in Cp 
derivatives such as 1 and 3a is about 3.5 pm. 


2) The Me group C(101) is deflected by about 10" from the 
cyclo-C, plane of Cp* (Figure 1 ) .  


3) The cyclopentadienyl plane and y5-Cot plane show a larger 
deviation from parallelism in 2 and 4c  than in 3a (Table 2). 


The substitution of one CO by a phosphorus-containing lig- 
and only influences the Cr-Fe distance slightly, if at all (see 
complex 2 and 4c), and results in a small Fe-C(14) and 
Fe-C(15) bond shortening and a corresponding C(14)-0(14) 
and C( 15) -O(15) bond elongation due to increased K back do- 
nation from the Fe center to the remaining CO ligands. This is 
also confirmed by the low-energy shift of the CO stretching 
vibration in 3a,b and 4a-d relative to those of 1 and 2 (Table 1 ) .  


ESR Spectroscopy: All of the heterodinuclear compounds pre- 
sented here show highly resolved solution ESR spectra with 
hyperfine structure (hfs) from 'H and 53Cr as well as hfs from 
31P in 3a,b and 4a-d (Figure 2). The hf coupling constants 
(hfcc) (Table 3) were determined by calculations of the experi- 
mental spectra. The g,,, values obtained in this way as well as ' H 
and 53Cr hfcc strongly resemble those of the mononuclear com- 


Table 2. Selected bond lengths [pm] and angles [':I of [ ( C , R , ) C ~ : I I - ~ ~ ( ~ - ) : ~ ~ . ~ ( ~ ~ , ) -  
Cot)Fe(CO),L] ( K = M e ,  L = C O :  2: R =H. 1. =PMe, :  3 a ,  R = M e ,  
L = P(OEt),,: 4 ~ ) .  


2 3a 4c  


Fe Cr [a] 
Cr-C(1) 
Cr-C(2) 
Cr- C(3) 
Cr C(7) 
C r - C( 8) 
Cr-C(9) 
Cr C(10) 
Cr-C(l1) 
Cr-C( 12) 
Cr-C(13) 
Fe C(4) 
Pe C(5)  
FC-C(h) 
Fe C(14) 
Fe -C(15) 
Fe-L [b] 
C( 1 ) -  C(2)  
C(2) C(3)  
C(3) -C(4) 
C(4) C ( 3  
C(5)-C(6) 
(36) - C(7) 
C(7) - C(8) 
C(8) C(1) 


C(15) O(15) 
C( 14)-O( 14) 


C(16) -0( 16) 


Cr-Fe-L [b] 


[C,R,-q5(C~)-Cot] [d] 
C(101)-C5Me, [c] 
C(14)-Fe-L [b] 
C(14)-Fe-C(15) 
C( 1 5)-Fe-L [b] 
Fe-C(14)-0(14) 
Fe-C(15)-0(15) 


[qS(Cv) $(FL+.)-Cot] [c] 


303.31 (23) 
21 7.2(4) 
212.9(4) 
21 7.5 (4) 
217.X(4) 
213.6(4) 
222.5(4) 
228.0 (4) 
224.5 (4) 
221.6(4) 
221.8 (4) 
214.3 (4) 
206.8(4) 
214.4(4) 
179.9(5) 


180.9 (5) 
141.1 ( 7 )  
142.3 ( 7 )  
146.8 (6) 
142.2(6) 
140.0(7) 
146.9 (6) 
143.4(6) 
140.9(6) 
114.4(6) 
114.1 (6) 
114.9 (6) 


175 


180.1 ( 5 )  


50.44 
9.16 


11.99 


2Y2.83(8) 
215.1 ( 3 )  
211.1 (3) 
215.9(3) 
214.5(3) 
21 1.2 (3) 
21 9.8 (3) 
221 7(3) 
2 19.9 (4) 
218.2(4) 
21 8.7 (4) 
2 10.3 (3) 
205.9(3) 
212..5(3) 
176.2(3) 
176.7(3) 
221 h ( 2 )  
142.0 (5) 
142.5 ( 5 )  
146.1 (5) 
140.0(5) 
140.8 ( 5 )  
145.5 ( 5 )  
142.7 (5) 
140.7(5) 
116.3 (4) 
Ii4.7(4) 


173 
49.62 


3.92 


304.52(5) 
2lh.5(3) 
213.2(3) 
217.3(3) 
218.4(3) 
212.2(3) 
223.7 (3) 
2223.5 (3) 
224.1 (3) 
220.0(3) 
220.1 (3) 
21 3.4(3) 
206.6 ( 3 )  
21 2.7 (3) 
177.6 (4) 
177.0 (4) 
217.4( 1) 
142.0(5 
143.4 (5) 
147.3 ( 5 )  
141.1 ( 5 )  
141 3 ( 5 )  
146 5(4) 
143.4(4) 
141.5(3) 
115.9(4) 
116.2(4) 


170 
52.19 
10.41 
12.36 


95.0(2) 95.1(1)  96.3(1) 


94.0(2) 92.7(1) Y4.7(1) 
175.2 (4) 179.9 (3) 1774(3) 


104.1 (2) 100.9 (2) 103.0(2) 


175.0(4) 117.9 (3) 177.0(3) 


[a] Cr-Fedistancein 1:293.69(13) pm[2].[b] Lrepresents t h e i p o a t o m  linked to 
Fe, i.c., C or P. [c] Angle between the best planes of the  qs(Cr) and q3(Fe) unit 0 1  
the Cot ligand, e.g , 50.4 Tor 1 121. [d] Angle between the best planes of the C,R, 
ligand and q'(Cr) unit ofthe Cot ligand. [el Angle between the bond vector C(1Y)- 
C(101) and the best plane of the C,Me, ligand. 


3/2 a(53Cr) 
m 


- .  


3300 3340 3380 3420 3460 G 


Figure 2. Solution ESR spectra of 2 (A), 4 b  (B) ,  and 4 d  (C) (MTHF, 293 K,  
X-band). 
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1 H 


3a H 


3b H 


2 Me 


4a  Me 


4b Me 


4c Me 


4dIQ Me 


1.991 


1.995 


1.9925 


1.9939 


1.9931 


1.9927 


1.9931 


1.9942 


1982 2 008 


1990 2 010 


1986 2 008 


1986 2 008 


1986 2 008 


1986 2 009 


1986 2 007 


19x1 2011 


19 0 


19 0 


19 0 


1x 9 


18 9 


19 0 


19 0 


18 5 


- 5.04 (2,8-H) - - 


3.32 (3,7-H) 
3.32 (1-H) 


3.2 (3-7-H) 
3.7 (I-H) 


13.6 5.1 (2,X-H) 13.0 13.0 
3.1 (3,7-H) 
3.9 (1-H) 


~ 4.X (23-H) 
3.3 (3,7-H) 
2.55 (I-H) 


3.1 (3.7-H) 
3.6 (I-H) 


3.1 (3,7-H) 
3.6 (I-H) 


3.2 (3,7-H) 
3.4 (1-H) 


3.5 (3.7-H) 
2.5 (I-H) 


13.3 5.4 (2,s-H) 12.0 15.0 


15.3 4.8 (2.8-H) 15.0 14.0 


15.3 4.8 (2.8-H) 14.7 14.3 


23.5 4.8 (2.8-H) 23.0 21 .0 


34.2 4.8 (2.8 H) 33.5 31.5 


[a] i 4 0  001 for 1 ,  3a; f <0.0005 for2. 3b, 4a-4d. [bl f t O  002. [cl In Gauss. i t 0 . 5 .  [d] In Gauss, i t0.1 except for 1 .  [el In Gauss, f 10 2. [f] o(I9F) = 5.5(1) G. 


plexes [CpCr(g'-Cot)] and [Cp*Cr(@-Cot)] .[71 These results 
justify the assumption that the unpaircd electron is predomi- 
nantly localized in a d,,-type orbital at the Cr center. When a 
direct spin delocalization from the semi-occupied d,,-type or- 
bital of the Cr center into the C-H ci bond is taken into ac- 
count,1""] the value of the 'H hfcc is found to depend on the 
distance between the metal and the corresponding carbon 
atom.[1sh1 Therefore the assignments of the 'H hfcc in Table 3 
are based on structural arguments. In comparison to the 
mononuclear complexes, the 'H hfs of the dinuclear species is 
reduced by one 'H hfcc with a(1 'H)>3 G, which is in accor- 
dance with the change in the hapticity with which the Cot ligand 
coordinates to the Cr center on going from the mononuclear 
@(Cr) to the dinuclear y5(Cr)  bonding mode. The isotopic 


g values of the dinucle- 
a r  complexes show a 


1gr slight increase for 1- 
-_ 4d compared to the 


mononuclear com- 
pounds [(C,R5)Cr(g6- 


A,,("P) A P P )  Cot)] (R = H, Me), in- 
dicating the subtle 
influence of the heav- 
ier atoms Fe and P. 


The solid-solution 
EPR spectra of 1-4d 
only show two g values 
close to 2.0 (Figure 3, 
Table 3 ) ,  representing 
an axial g tensor. 
Whereas a fairly good 


hfs can be observed on 
g 1 1  'Ind On g 1 for 3a,b 
and 4a-d, the 'H hfs 


AJLr 


I I I resolution for the 31P 
G 


3320 3360 3400 3440 


1:igure 3. Solid-solution ESR spectra or2 (A), 
4b (€3). and 4d (C) (MTHF. 120 K. X-hand). 


remains unresolved in 
all cdscs. This unre- 
solved 'H  hfs makes 
considerable contribu- 
tions to the line width, 
preventing an accurate 
determination of g l l  


and g ,  as well as 
A,,(31P) and A,(31P) 
by the calculation of 
the experimental spec- 
tra. The latter would 
have been worthwhile 
for calculating the an- 
isotropic part of the 
3 'P  hfc, from which 
the n-electron density 
on the phosphorus 
atom could have been 
estimated.~"] How- 
ever, A l l(3'P) and 
A .,(31P) only differ to a 
small extent and are 
nearly as large as 
uiJ3 'P), indicating the 
samc sign of A , A ir 


and uiTo. 


Redox Chemistry: The 
cyclic voltammograins 
(CV) of the complexes 
1 and 2 (Figure4A) 
show one clectrochemi- 
cally reversible redox 
couple ( O i  + I )  at 


v, 
-2.0 -1.2 -0.4 


, 
-2.0 -1.2 -0.4 0.4 


V vs. AgIAg' 


T A 


J-U, 
-2.4 -1.6 -0.8 0 


V vs. Ag/Ag+ 


-2.0 -1.2 -0.4 0.4 
v vs. Ag/Ag' 


Figure 4. Cyclic voltammograms of 2 (A), 3a 
(B), and 4d (C) (for more details, see text and 
experimental section). 
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1 
3a  
3 b  
2 
4a  
4b 
4c 
4d 


H 
H 
H 
Me 
Me 
Me 
Me 
Me 


-0.75 
- 2.16 
- 0.92 
-0.85 
- I .30 
-1.10 
- 1.17 
-0.85 


-2.03 80 
-2.53 [c] 130 
-2.43 [d,e] - 
- 2.03 [c] 200 
- 2.52 [c] 110 
- 2.48 [d,e] - 
- 2.38 [c] 160 
- 1.94 [c] 210 


1 
<1  


% 1  
< 1  


< 1  
< I  


- 


-0.64 
- 1.08 
-0.90 
-0.74 
-1.19 
- 1.01 
- 1.07 
- 0.67 


- 


65 
61 
68 
17 
59 
59 
62 
62 


0.3X 
0.05 [f] 
0.15 [f] 
0.23 


-0.03 [f] 
0.02 [g] 


-0.03 [g] 
0.2') 


0.47 


0.46 


0.10 [g] 
0.07 181 
0.51 


[a] DME. 0.1 M TBAPF,,, Pt working electrode, Ag/Ag+ with 0.1 M Ag triflate as the reference electrode. [b] E,, (equilibrium potential), E,,., Epa in Volts vb. FcHYcH + 


(FcH = ferrocene), AE,, in mV. [c] AE,, depends on the scan rate I>, but El,, = 1/2(E,, +EVA) remains constant [d] Only peak potential En= is given. [el Peak current decreases 
with increasing scan rate. lf] Irreversible two-electron oxidation (+ 1/+3).  [g] Poorly resolved. 


-0.64 and -0.74 V vs. FcH/FcH+ (FcH = ferrocene), re- 
spectively, and two completely irreversible oxidation steps be- 
yond 0 V. 


A reduction wave (0/ - 1) occurs at - 2 V for 1 and 2. For 1 
this is electrochemically reversible (Table 41, whereas for 2 the 
difference in the peak potentials AEp of the redox couple 0/- 1 
depends on the scan rate v ;  this indicates a chemically reversible 
reaction upon uptake of an electron. An additional couple 
- 1/-2 for 1 and 2 (not depicted) is at the potential limit of the 
solvent, preventing an exact determination of the ratio of the 
peak currents. Nevertheless, the observed independence of the 
peak potentials from the scan rate IJ indicates electrochemical 
reversibility of the redox couple - I/  - 2. 


The features in the CV of the phosphane-containing complex- 
es 3a,b and 4a-d (Figure 4B,C) resemble those of 1 and 2. A 
completely irreversible oxidation step is found at about 0 V, 
which seems to be a two-electron transfer step for 3a, 3b, and 
4a; for 4b-d (Figure 4C), these irreversible oxidations are re- 
solved as two one-electron transfers. An electrochemically re- 
versible oxidation is located near - 1 v, with the exception of 4d 
whose corresponding oxidation potential is shifted to -0.62 V. 
For 4a-c a reduction step (O/ - 1) can be recorded clearly below 
-2 V, near the potential limit of the solvent, while for 4d the 
first reduction occurs slightly above -2 V. However, the peak 
potentials depend on the scan rate; this shows that the redox 
couple O/- 1 is at least electrochemically irreversible. In cases 
where a reoxidation wave can be observed (e.g. 4a, 4c, 4d), 
El,, = 1/2(E,,, + Epa) remains constant. 


A comparison of the redox potentials of 1-4c shows that a 
distinct cathodic shift of more than 250 mV can generally be 
observed on going from 1 and 2 with Fe(CO), fragments to the 
corresponding phosphane-containing species. The redox waves 
for 4d display an anodic shift with respect to the corresponding 
potentials of 2, reflecting the strong .n-acidity of PF,. The 
change from Cp to Cp* only causes a cathodic shift of about 
100 mV for the first reversible oxidation step and of only 
40- 50 mV for the first reduction step. 


Discussion 


The heterodinuclear complexes of composition [(C,R,)Cr(p- 
Cot)Fe(CO),] (1, R = H ;  2, R = Me) were obtained in com- 
parably good yields from the reaction of [(CO,)Fe(cis- 
cyclooctene),] with [CpCr($-Cot)] and [Cp*Cr(q6-Cot)]. 


respectively. In spite of the bulkier Cp* ligand in 2, both com- 
plexes have the same synfacial configuration. No indication was 
found for the formation ofan antifacial derivative in the case of 
Cp*, although it contains only one electron less than the 34 V E  
species, which allow both configurations. The formation of ex- 
clusively synfacial products may have two different causes: 


1) The steric interactions with the permethylated cyclopentadi- 
enyl ligand in the synfacial configuration, which have been 
shown to give rise to distortions in the crystal structure, are 
not sufficient to overcomc the reduction in stability on 
formation of antifacial species with less than 34 VE. 


2) The free double bond in the starting materials [CpCr(q6- 
Cot)] and [Cp*Cr(q6-Cot)j is only accessible for coordina- 
tion from the endo face with respect to the chromium ccnter 
(Scheme I) ,  since the free double bond is bent away from the 
plane of the six metal-bound carbon atoms by about 64 . " ' ]  


u 
exo-addition 


Scheme 1. Suggested reaction pathway of the formation of 1 and 2 (R = H, Me). 


A remarkable feature of the Cp* complex 2 is the faster sub- 
stitution of CO by phosphanes compared to the Cp derivative 1, 
although one would expect a larger steric hindrance of the Cp* 
ligand. The acceleration of the CO substitution in 2 may be due 
to a weakening of the Cr-Fe bond, reflected by the elongation 
of about 10 pm, which facilitates the homolysis of the metal- 
metal bond. The product of the homolysis would contain a 
16 VE unit [Cp*Cr(q5-Cot)] and a 17 VE unit [(CO),Fe(q3- 
Cot)] (Scheme 2a). The 17 VE ally1 complex [(CO),Fe(q3- 
C,H,)] also readily undergoes CO substitution reactions with 
phosphanes,[8*y1 believed to involve an intermediate or transi- 
tion state with 19 VE.191 Subsequent elimination of CO yields 
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17ve 16ve 16ve 17ve +Lji.L + Ll I- 
17ve 18ve 16ve 19ve 


I !  I ,  


co! I+ co - c o / p o  


17ve 16ve 16ve 17ve 


hfs of 1 and 2. The 31P hfcc arc similar to 31P hfcc of 17 VE 
half-sandwich compounds with PR; ligands directly linked to 
the paramagnetic center,["' although the phosphanc ligands in 
3a,b  and 4a-d are coordinated to the iron centers and not to 
the paramagnetic Cr centers, as shown by X-ray structure analy- 
ses. Hence, a very effective clectron spin transfer must occur 
from the Cr center to the P atom. 


Presumably, the electron spin is transferred in two different 
ways (Figure 5). Firstly, the unpaired Cr d,,-type electron in- 
duces a spin polarization of the electron pair of the Cr-Fe 0 


bond, which causes a corresponding spin polarization of the 
Fe-P bonding electrons. This polarization manifests itself in an 
excess of positive spin density at the 31P nucleus (Figure 5A). 
Secondly, an electron spin dclocalization may occur through 
orbitals of n-bonding character (Figure 5 B). The Cr-Fe-P 


A 


Cr-Fe bond \ formation / 
d-o-Spin polarization 


Scheme 2. Suggested reaction pathways of the CO substitution reactions (R = H. 
Me). 


the product. An alternative route includes a change of the hap- 
ticity of  the Cot ligand after Cr-Fe bond honiolysis occurs -a 
reversal of the formation of 1 and 2 (Scheme 2b;  cf. Schemc 1). 


The 16 VE fragment [(CO),Fe($-Cot)] readily coordinates 
to a phosphane ligand, and the products are subsequently 
formed by elimination of one CO. In addition, the 17 VE allylic 
a< well as the 16 VE olefinic [Fe(CO),PRJ species can rotate 
around the q3-  or $-carbon--metal bond, respectively, which 
enables the sterically more demanding PR, ligand to adopt a 
/reins arrangement. In competition to the CO elimination, the 
bond between the Cot ligand and [Fe(CO),PR;] may be cleaved 
yielding an unsaturated mononuclear species, which rapidly 
adds CO or PR; from the reaction solution. The observcd for- 
mation of [Fe(CO),_xL,] (L = PMe,) in the reaction of 1 with 
PMe, confirms this possible side reaction. 


In contrast to the influence of the Cp* ligand on the Cr-Fe 
bond lengths. the change of the ligands L trans to the chromium 
center, for example, from 1 (L = CO) to 3a (L = PMe,) and 
from 2 (L = CO) to 4 c  (L = P(OEt),), does not alter the Cr-Fe 
bond length significantly. This is surprising given the fact that a 
strong n acceptor (CO) is substituted by a medium n acceptor 
(PMe,, P(OEt),) and that the Cr-Fe-L unit is in an almost linear 
arrangement and is thus set up for a trans effect. 


Although weak, the chromium-iron bonds in the dinuclear 
compounds under investigation are confirmed to exist by ESR 
spectroscopy. The most striking differences within the ESR 
spectra of all of the dinuclear compounds is the uncxpectedly 
large hfcc of 3a-4d,  which roughly doubles the isotropic 


3- 
d-a-Spin delocalization 


Figure 5 .  Possible pathways of spin transfer from the Cr center to the P atom 
A) spin s polarization; B) spin x delocalization. 


grouping may be rcgarded as a 3-center/3 n-electron system with 
an interaction between the Cr-d,, orbital, a d-type orbital of the 
iron center, and a suitable G* orbital of the P ligand,r211 leading 
to a doubly occupied bonding, a semi-occupied nonbonding, 
and an empty antibonding molecular orbital. Consequently, this 
type of n delocalization yields a population of positive electron 
spin density at the phosphorus atom, similar to that induced by 
the o-spin polarization. The importance of the n-delocalization 
mechanism for the 31P hfcc is recognized from the distinct in- 
crease of the 31P hfcc with increasing n-acidity of the phospho- 
rus-containing ligands.[22] The increased n-acidity is also re- 
flected in thc energy of the CO stretching vibrations (Table I ) ,  
in the change of the redox potentials (Table 4), and in the 
slight shortening of the Fe-L bond in 4 c  as compared to 3a 
(Table 2). 


A spin transfer through the bridging Cot ligand may be ex- 
cluded from consideration. The spin transfer between the Cr 
and Fe center would then have to occur through the carbon -~ 


carbon single bonds between C(3)-C(4) and C(6)-C(7), which 
normally lowers the spin density by an order of magnitude. 







Intermetallic Communication 1151 - 11 59 


A low spin density in the distal part of a cyclo-C, ligand, which 
is not coordinated to the paramagnetic center of mononuclear 
d5 complexes such as [CpCr(q'-C~t)J[~l and [CpV(q7- 
C,H,)J,[231 is indicated by a ( ' H )  hfcc ofabout 1 G or smaller for 
protons in the j-position. 


In addition to the increase of the 31P hfcc from 4 a  to 4d, there 
is a decrease of the 'H hfcc of 1-H, which sits opposite the PR3 
ligand. Interestingly, the change of the 'H hfcc of I-H is accom- 
panied by small, but noticeable structural changes: lengthening 
of the bond between Cr and C(l) can be observed with the 
decrease of the 'H hfcc of I-H (Table 5) .  Apparently, an in- 
crease of the n-acidity of the phosphane ligand weakens the 
Irans-positioned Cr- C(1) bond. This special "long range" ~ a n s  
effect can only occur through a direct Cr-Fe bond, although it 
is presumably a weak one. 


Table 5. Selected structural and ESK spectroscopic data to indicate a "long range" 
rruns-effect in [ (C,K,)Cr(pr75( Cr):r7'(Fe)-Cot)Fe(CO),L]. 


Summary 


The reaction of [(C,R,)Cr(q'-Cot)] (R = H, Me) with 
[(CO),Fe(q-cis-cyclooctene),l yields the heterodinuclear y-Cot 
complexes [ (C,R,)Cr{ (y-q5(Cr) : q3( Fe)-Cot)Fe(CO),] exclu- 
sively with a synfacial coordination mode, regardless of the 
nature of R. These complexes undergo facile thermal substitu- 
tion reactions of one CO by PR; (R = Me, Ph, OEt, F) to 
produce [(C,R,)Cr{(y-q'(Cr): q3(Fr)-Cot}Fe(CO),PR;]. X-ray 
structure analyses indicate the presence of a long Cr-Fe single 
bond, which stretches by about 10 pm when the Cp ligand is 
replaced by the sterically demanding Cp* ligand. ESR spectro- 
scopic studies reveal surprisingly high 3 1 P  hfcc. These are ex- 
plained by two different spin transfer mechanisms based on 0- 


and n-bonding interactions of the trinuclear Cr-Fe-P group and 
confirm the presence of a direct Cr-Fe bond. These bonding 
interactions also explain the dependence of the redox potentials 
on the n-accepting ability of the trans ligand at the Fe center. 


R L u(1 'H) [GI u ( ~ ' P )  [GI d(Cr-C(l)) [pm] 


2 Mc CO 2.6 - 217.2(4) 
4c Me P(OEt), 3.4 23.5 216.5(3) 
3 a  H PMe, 3.7 13.3 215.1 (3) 


The assumption of a Cr-Fe bond does not contradict the 
axial g tensor found for 1-4d. As already outlined, the ESR 
data point to a d,,-type SOMO, which is known to be almost 
nonbonding with respect to the n ligand. Hence, changes in 
symmetry of the n ligand or changes in the nature of the coordi- 
nating atoms lying in plane with the n ligand only cause small 
perturbations in the symmetry of the SOM0.[73 24a1 


The population of a SOMO with a predominant Cr-d,, char- 
acter in the heterodinuclear complexes 1-4d also agrees with 
the results of the CV measurements. The induced cathodic shift 
of 20mV and less per methyl group, on changing from the 
compounds with unmethylated Cp (1, 3a, 3b) to the corre- 
sponding Cp* derivatives (e.g., for the oxidation step O/ + 1 and 
the reduction step 01 -I), is characteristic for sandwich-type 
complexes containing a SOMO with a d,,-type orbital that is 
almost nonbonding with respect to the aromatic ligand.[24b+251 


In contrast, the substitution of one CO by PR3 causes shifts 
in the redox potentials ranging from a 500 mV cathodic shift to 
a 90 mV anodic shift with respect to the potentials of the corre- 
sponding CO compounds 1 and 2, depending on the n-acidity of 
PR3; all of the redox couples are distinctly influenced by the 
nature of the PR; ligand. This observation is in accordance with 
the outlined CT and n interactions explaining the unexpectedly 
large 3 1 P  hfcc obtained from ESR spectra. 


Finally, it is of interest to compare the redox properties 
of the synfacial 33 VE complexes with those of the 34 VE 
antifacial complexes. The latter only show two-electron oxida- 
tions at ambient temperatures;[261 this is accompanied by a 
Cot ring cleavage, after which the formation of a metal-metal 
bond is possible. Apparently, an antifacial configuration with 
33 VE is not sufficiently stable to be recognized--at least 
for homodinuclear complexes--even on the electrochemical 
timescale. 


Experimental Section 


All manipulations were carried out under an N, atmosphere and in solvents 
saturated with N,. Tetrahydrofuran (THF) and 2-methyltetrahydrofuran 
(MTHF) were freshly distilled from potassium metal/benzophenone; n-hex- 
ane was distilled from K/Na alloy, toluene from Na. IR: THF solutions were 
measured against pure THF, when not otherwise stated, KBr cells, FT-IR 
1720X (Perkin Elmer). Cyclic voltammetry: DME, 0.1 M (nBu),NPF, 
(TBAPF,). Pt working electrode (disk, @ 3 mm), Pt wire as an auxilliary 
electrode, Ag/O.l M silver triflate as a reference electrode, PAR273 poten- 
tiostat (E & EC). ESR: MTHF solutions, ESP300 (Bruker); the recorded 
spectra were simulated with the software program simphonia (Bruker). 
EI-MS: 70 eV, Finnigan MAT31 1 A. Elemental analysis: Heraeus CHN-O- 
Rapid, lnstitut fur Anorganische und Angewandte Chemie, Univcrsitiit 
Hamburg. [CpCr($'-C~t)l,''~ [Cp*Cr($-Cot)]"' and [(CO),Fe(p-cir- 
~yclooctene),][*~ were synthesized according to the literature. PF, was 
kindly donated by Prof. Kruck. Institut fur Anorganische Chemie, Univer- 
sitit K61n. 


I(C,H,)Cr{p-qS(Cr):q3(Fe)-Cot)Fe(CO),) (1): A mixture of [CpCr($-Cot)] 
(0.86 g, 3.21 mmol) and ~~~~~~~~~~~cis-cyclooctene)] (1.12 g, 3.11 mmol) in 
pentane was stirred for 2 h at - 78 "C. The reaction mixture was allowed to 
warm to room temperature and filtered through a short plug of celite. The 
solvent was concentrated until crystallization started. After storage at - 30 "C 
for 2 d, 0.91 g (81 YO) of 1 was obtained. 


[(C,Me,)Cr{p-qs(Cr):q3(Fe)-Cot)Fe(CO),I (2): The synthesis was per- 
formed as for 1. [Cp*Cr($-Cot)] (2.04 g, 7.0 mmol) and [(CO),Fe(cis-cy- 
clooctene),] (2.17 g, 7.0 mmol) were reacted at  -78 "C for 3 h to yield 2.56 g 
( 8 5 % )  of 2. M.p. 139°C (in closed capillary); IR (nujol): i = 2002, 
1931 cm-'; EI-MS: mi; (%) = 431 (0.01) [M'] ,  403 (16) [M' - CO],  


[(Cp*CrCot)+], 276 (21), 251 (II) ,  187 (88) [(CpTr)'],  133 (21), 91 (3) 
[(C,H,)+], 52 (47) [Cr']; C,,H,,CrFeO, (427.3); calcd C 58.49, H 5.38; 
found C58.53. H 5.26. 


375 (17) [M+-2CO],  347 (100) [ M +  - 3CO], 319 (36), 291 (78) 


[(C,R,)Cr{p-q5(Cu):q"(Fe)-Cot)Fe(CO),PR;~ (3a-4c): In a typical react- 
ion an equimolar amount of PRI, and 1 or 2 werc stirred at room temper- 
ature. The scope of the reaction was monltored by IR spectroscopy. During 
the reaction additional PR3 (R' = Me, Ph) was added periodically until 
the v(C0) bands of the starting material had disappeared. The solvent 
was removed in vacuo and the residue was extracted with n-hexane. The 
hexane extract was filtered through celite and reduced until a crystalline 
material precipitated. After storage of this solution at -30°C for 2 d, the 
product was obtained as a brownish black crystalline material. It is very 
sensitive to oxygen in solution. See Table 6 for quantities used, reaction time 
and yields. 
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Table 6. Conditions [a] for the CO substitution reaction in 1 and 2 with PR;. 


SM g(mmol) PR; g(mmol) Prod I Yield 
-~ ~~~ 


1 1.08 (2.99) PMe, 0.08 (9.0) 3a 7d 42 
0.48 (1.11) PPh, 0.68 (2.59) 3b 7 d 45 


2 097(?.23) PMe, 0.51 (6.7) 42 3 d 76 
0.80 (1.85) PPh, 1.29 (492) 4b 3 d  54 
0.X9 (2.06) P(OEt), 0.34 (2.04) 4c 27 h 61 
0.61 (1.42) PF, [bl 4 d  3 h  10 


[a] l h e  reactionr were performed a t  room temperature. [b] PF, gas was bubbled 
through the reaction mixture; for further details see the experimental section. 


[(C~,H,)Cr{p-$S(Cr):q3(Fe)-Cot}Fe(CO),PMe3~ (3a):  EI MS: mi: ("A,): 409 


- PMe, - CO]. 277 (37) [ M '  ~ PMe, - 2C01, 221 (32) [(CpCrCot)']. 
195 (12) [(CpCrC,H,)+], 117 (94) [(CpCr)'], 104 (100) [Cot'], 76 (63) 
[(I'Me,)']. 61 (94) [(PMe,)+], 52 (38) [Cr '1; C,,H,,CrFeO,P (409.22); 
calcd C 52.83, H 5.43; found C 52.45, H 5.52. 


(2) [ M + ] ,  353 (5) [M' -2CO1, 333 (2) [M' - PMe,], 305 (4) [ M I  


I(C,H,)Cr{r-~S(Cr.):,r3(~e)-Cot}Fe(CO)~PPh31 (3b): El -MS: ni/z (%) = 


[hl-  - PPh, - 2CO], 262 (100) [(PPh,)+], 221 (13) [CpCrCot'], 385 (70) 
[(PPh,)']. 117 (42) [(CpCr).+], 108 (33) [(PPh)'], 104 (11) [Cot'], 77 (13) 
[Ph'], 65 (7) [('pi], 52 (34) [Cr']; C,+,H,,CrFeO,P (479.33); calcd C 66.57, 
H 4.75: found C 66.20, H 4.93. 


595 (0.01) [ M ' ] ,  333 (1) [M' - PPh,]. 305 (2) [ M '  - PPh, - CO], 277 (9) 


~(C,Me,)Cr{p-qs(Cv):q3(Fe)-Cot}Fe(CO),PMe3] (4a) :  El-MS: inlz (YO): 
479 (0,4) [ M ' ] ,  403 (3) [&I+ - PMe,], 375 (3) [ M +  - PMe, - CO], 
347 (20) [ M +  - PMe, - 2C01, 291 (32) [(Cp*CrCot)'], 187 (59) 
[(Cp*Cr) '1, 133 (TO), 76 (28) [(PMe,)'], 61 (43) [(PMe,)'], 52 (100) [Cr+]. 
46 (4) [(PMe ')I; C,,H,,CrFeO,P (479.33); calcd C 57.63, H 6.73; found C 
57.20. H 6.70. 


I(C,Me,)Cr{p-$(Cr.):q"(Fe)-Cot}Fe(CO),PPh3\ (4b): EILMS: n7lz (YO) :  


-- PPh, - 2CO], 291 (27) [(Cp*CrCot) '] ,  262 (100) [(PPh,) '1,  187 (59) 
[(Cp*Cr) '1. 385 (93) [(PPh,)'], 133 (23), 139 (20), 308 (56) [(PPh)'], 104 
(13) [Cot']. 77 (15) [Ph']. 65 (6) [Cp'], 52 (82) [Cr']; C,,H,,CrFeO,P 
(665.54); calcd C 68.58, H 5.67; found C 68.73, H 5.71. 


608 (0.02) [Mt - 2CO], 403 (0.1) [ M i  - PPh,], 347 (2) (Mf 


Table 7 .  Crystal data ond results of structure analysis 


2 3a 4 c  


formula C,,H,,CrFeO C,,H,,O,CrFeO,P C,,H,,CrFeO,l' 


total no. refl. 
no independ refl 
data: restraintslparameter 
goodness-of-tit on P 
R ,  [ f > 2 u ( l ) ]  
c,JR> [ f>  Zrr(I)] 
R ,  (ail data) 
ioR,  (all data) 
largest diff. peak. 
hole [e inn ~ '1 


431.24 409.18 


monoclinic tetragonal 


997.7(5) 2291.2(4) 
1342.3(6) - 
1450.8(11) 679.1(1) 
104.53(5) - 


1.881 ( 2 )  3.565(1) 
4 8 
71.073 71.073 
1.523 1 S 2 5  
1.360 1.518 
153 153 
(i1,-20 iu-20 
2 6 1 2 0 ~ 2 5 . 0  2 . 5 5 2 0 1 2 5 . 0  
-1Shlll 05h527 
- 1 ~ k 1 1 5  - l s k $ 1 ?  


0.2 x 0.2 x n 4 0.3 x 0.3 x 0.4 


P2 I :'n ~4 , in  


-1751117 - 1 5 1 1 8  
4446 3442 


3327/0/242 3159/0:311 
0.870 0.834 


0 1410 0.0771 
0.0678 0.0541 
0.1 563 0.0896 
1047,-1155 492,-346 


3327 3159 


0.0541 0.0332 


569.38 
0.2 0.2 0.4 
monoclinic 
P2,'C 
1781.1 (10) 
1030.1 (2) 


115.29(3) 
2.669(2) 
4 
71.073 
1.417 
1.044 
153 
(0-20 
2.5 <2O<27.5 
-21 I h l 2 O  
- 1 3 1 k S I  
-- 1 I I< I9 
7494 
6057 
6057,O 311 
1.048 
0.0492 
0.1204 
0.0686 
0.1323 
720. - 676 


1608.9(5) 
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[(C,Me,)Cr{p-$(Ci~):~3(Fe)-Cot}Fe(CO),P(OEt)3\ (4c): EILMS: m / i  (%): 


319 (8) [M' - P(OCt), - CO], 291 (13) [Mi - P(OEt), - 2C0 and 
(Cp*CrCot)']. 187 (21) [ (Cp*Cr) ' ] ,  166 (34) [(P(OEt),)+], 133 ( l l ) ,  119 
(40). 104 (59) (Cot '1, 65 (100) [Cp'], 52 (23) [Cr']; found and calculated 
iwtopic distribution of M' (ndz values are normalized to  mi; = 569 ( 5 8 % ) ) :  
nr!z (found%, calcd'Yo) = 567 (5, 6.6). 568 (2. 2.4). 569 (58, 57.5). 570 (23. 
24.6), 573 (6, ?.2), 572 (1, 1.4). 
(',,H,,CrFeO,P (569.41): calcd C 54.84, H 6.73: found C 54.60, H 6.65. 


569 (3.7) [nil*]. 513 (2) [M' - 2CO1, 347 (49) [M' -P(OEt),], 


[ (C,Me,)Cr{p-q5(Cr):q3(Fe)-Cot}Fe(CO),PF3\ (4d): PF, was slowly passed 
through a capillary into the reaction vessel, which was secured by a valve that 
prevented the entry of air, and released the overpressure in the reaction vessel. 
(Inreacted PF, was destroyed by bubbling it through concentrated H,SO,. 
1K spectra were recorded periodically to monitor the progress of the reaction. 
After 3 11 no i.(CO) bands of the starting material 2 could be recorded 
(wsorkup procedure, vide supra). EILMS: n7iz ( I % ) :  491 (0.6) [ M  '1, 463 (0.2) 


[M' - PF, - 2CO1, 291 (59) [(Cp*CrCot)+], 187 (100) [(Cp*Cr)'], 133 
(30), 119 (281, 104 (24) [Cot'], 88 (29) [(IT,)'], 78 (20). 69 (30) [(PF,)'], 
52. (86) [Cr']; C,,H,,CrF,4Fe0,P (491.22); calcd C 48.90. H 4.72, found 
c 48.32. H 4.80. 


[M' ~- CO],  403 (6) [M'  - PF,], 375 (7) [ M i  - PF, - CO],  347 (40) 


Crystal Structure Analyses: The measurements were performed in a Hilger & 
Watts (Y 290). applying monochromatic MoKZ radiation. The heavy atoms 
were found by direct methods using SHELXS86."" The structures were 
refined using SHELXL'92'z81 or SHELXL93."" See Table 7 for more details 
concerning the crystal data and data c ~ l l e c t i o n . " ~ ~  
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Reaction Paths for the Conversion of Methane to Methanol 
Catalyzed by FeO' 


Kazunari Yoshizawa," Yoshihito Shiota, and Tokio Yamabe* 


Abstract: We propose possible thcoretical 
reaction paths for thc conversion of 
methane to methanol catalyzed by FcO+.  
'The geometric and electronic structures 
for the reactan(, product, intermediates, 
and transition states were calculated and 
analyzed in dctail by mcans of a 
hybrid Hartrec -Fock/density functional 
method. Sextet and quartet spin states 
were taken into consideration in the anal- 
ysis of the reaction paths. The convcrsion 
01 methane to methanol was shown to 
proceed through basic concerted hydro- 
gen- and methyl-shift reactions. A frag- 
mcnt molecular orbital analysis for the 
formation of the reactant complex, 
OFe' -CH,, which plays an important 
role in the initial stagc of methane activa- 


tion, was carried out in order to undcr- 
stand the naturc of the interesting Fe-C 
bond. The five-coordinate methane in the 
reactant complex was calculated to have a 
C,,.-type geometry. Each reaction path 
presented in this paper includes an impor- 
tant insertion spccies, HO-Fet  -CH, or 
H--Fet  -OCH,, and two transition 
states. Thus, thcre are several kinds of re- 
action paths, if the high-spin sextet and 
low-spin quartet states are taken into con- 
sideration. A reaction towards the hy- 


Keywords 
ab initio calculations * methane * 


methanol - reaction mechanisms * 


transition metals 


Introduction 


The activation of methane" ~ * ]  has attracted increased atten- 
tion in recent years. In particular, the conversion of mcthane to 
methanol is of' grcat interest bccause of the possible role of 
methanol as fuel in the future. The lack of reactivity of methane 
is often attributed to the high C -  H bond energy of 
304 kcalmol--', its low acidity and basicity, and its lack of a 
dipole moment. A commercial process for the production of 
methanol from natural gas, which mainly consists of methane. 
involves two-step reactions associatcd with the formation of 
carbon monoxide, as given in Equation The synthesized 


C'H, + H,O -~ + CO + 3H, (2) 


gas, carbon monoxide, is then converted into methanol by a 
catalytic process [Eq. (2)], 


CO + 211, - * C'H,OH ( 2 )  


[*I Dr. K. Yoahimwa, Y. Shiota. Prof'. Dr. T. Yamabz'+] 
Depnrtmeiit of Molecular kngineering. Kyoto Uiiiversity 
S;\kyo-ku. Kyoto 606-01 (Japan) 
bax: Int. code +(75)751-7279 
e-mail. kazunari~~ir.tcl.kyoto-u.ac.jp 


34 4 ~~kano-Nishihiraki-cho. Sakyo-ku, Kyoto 606 (Japan)  
1 . 1  Also of the Institute I'oi- Fundamental Chemistry 
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droxy intermediate, HO-Fe'-CH,, was 
found to be morc favorablc in both the 
sextct and quartet spin states from thc 
viewpoint of activation energy. and this 
intermediate is extremely stable. I t  was 
found from intrinsic reaction coordinate 
(IRC) analyses that two basic reactions 
coexist, namely, hydrogen or inethyl mi- 
gration betwcen the reactant and the 
methoxy intermediate, H-Fe' ~ OCH,. 
This transition state is interesting, because 
the two transition states resulting from 
C-H bond cleavage and methyl migra- 
tion are located in the same region of 
space on the potential energy surfaces. 
IRCs are partially shown for the compli- 
cated first halves of the total reaction 
paths. 


The convcrsion of hydrocarbons to the corrcsponding alco- 
hols is also known to occur in biological systems. The very 
well-known cytochrome P-450 - which can oxidize 
a varicty of hydrocarbons, has an important iron-porpliyrin 
core structure a t  the catalytically active center. The enzymatic 
mechanisms for the selective hydroxylation have been extensive- 
ly studied. Moreover, methane monooxygenase (MMO) .[' -- 14] 


a well-known metalloenzyme, catalyzes the hydroxylation of 
methane as well as other hydrocarbons. Recent X-ray structural 
studies" 5 1  have shown that the catalyiically active site of MMO 
contains dinuclcar non-heme iron centers. The catalytic cycle of 
thcse metallocnzymes procecds, without doubt, through reac- 
tion proccsscs which differ from the industrial ones mentioned 
above, because carbon monoxide is supposed to dcactivate the 
catalytic iron centers of nietalloenzymes. We are interested in 
the conversion of methane to mcthanol catalyzed by MMO 
from ii theoretical viewpoint." 6,  ' " The reaction mechanism for 
the methane- methanol conversion is still not known for any 
catalytic system, and its analysis would be helpful for the pro- 
grcss of methane chemistry. 


The gas-phasc reactions of the C--H and C-C bond activa- 
tion of small hydrocarbons have been extcnsively studied in the 
laboratories of Schwarz['*I and of Arment ro~t . [ "~  Schwarz and 
coll>iborators[i81 have extensively invcstigated the C - H  and 
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C- C bond activation by transition-metal oxidc and bare metal 
cations in the gas phase, both experimentally and theoretically. 
Detailed analyses of various gas-phase reactions of methane, 
higher alkanes, alkencs, benzene, and other [C, H, 01 com- 
pounds with FeO' have been carried out by the same group. 
Among these important gas-phase reactions, the conversion of 
methane to methanol is of great interest, because of the catalytic 
and enzymatic functions mentioned above. According to 
refs. [IXa-c], a supposed intermediate, H,C-Fe'-OH, creat- 
ed by the gas-phase reaction between methane and FeO', de- 
composes into FeOH' + CH; (57%) ,  Fe' + CH,OH (41 O h ) ,  


and FeCH: + H,O (2%).  Important geometrical structures as 
well as relative energies for the hypothesized intermediates of 
these gas-phase reactions have been calculated at the ECP- DZ 
(effective core potential-double zeta) level of quantum chemi- 
cal thcory.r18c1 These calculations have provided us with very 
useful information for our investigations. 


Armentrout el al.['91 have extensively examined the gas- 
phase reactions between transition metals and hydrocarbons, 
hydrogen, water, and so on. In ref. [19h], the mechanism and 
energetics involved in the gas-phasc conversion of methane to 
methanol, catalyzed by COO', and its reverse reaction was elu- 
cidated with guided ion-beam mass spectroscopy. It has been 
suggested that an insertion intermediate, H,C -Co+ -OH, plays 
a role in the conversion of methane to methanol in the gas 
phase.[19hJ An important crossing between high-spin and low- 
spin potential energy hypersurfaces has been proposed as occur- 
ring both in the reactions of MO' + H, and MO+ + 
CH,.[' 8h,  19h1 Although early transition-metal oxides such as 
ScO', TiO', and VO' do not react with methane, it is well- 
known that oxides of the late transition metals, MnO' through 
NiO', do react.i1"-201 


A lot of theoretical work on methane and C-H activation 
has been carried out by Saillard and Hoffmann,i211 Goddard et 
a1.,i221 Siegbahn et al.,[231 Ziegler et al.,[241 Morokuma et al.,[251 
Sakaki and Ieki,r2G1 and C~ndar i . [~ ' ]  However, to the best of our 
knowledge, a detailed analysis of the reaction path for the con- 
version of methane to methanol has not yet been executed. In 


- 


Chem.  EM^. J 1997, 3. No. 7 I(:) VCH Vrrlu~.s~~~..tellsschu/f mhfI ,  0-69451 Mfeinhrim, 1997 0947-6539/97!0307-11~1$ 17.50 i  ,5010 1161 


11 60- 11 69 


this paper, we describe systematically the reaction pathways as 
well as the reactant, product, intermediates, and transition 
states in the methane-methanol conversion catalyzed by FeO' 
in the gas phase. 


Possible reaction paths proposed in this paper proceed 
through two kinds of important reaction intermediates, 
HO-Fe'-CH, and H-Fe+-OCH,. We calculated and ana- 
lyzed in detail the reaction coordinates for the possiblc multistep 
reactions for the sextet and quartet spin states. Our theoretical 
study will bc helpful for the understanding of the catalytic and 
enzymatic functions mentioned above, as well as the gas-phase 
reaction for methane activation and its conversion to methanol. 


Method of Calculation 


We carried out all calculations on the basis of a hybrid Hartree ~ Fock/density 
functional theory (HF/DFT) method, using the Gaussian 94 ab initio pro- 
gram package."" We optimized local minima (on a potential energy hyper- 
surface) corresponding to  reactants, products, and intermediates using the 
Becke-Lee- Yang-Parr HF/DFT method (B3LYP).1Z'~""' Sextet and quar- 
tet spin states were taken into consideration. The spin-unrestricted method 
was applied to such open-shell systems. We confirmed from ( S 2 )  values that 
no spin contamination was included in all calculations. We optimized the 
geometries of transition states (TSs) using the same method. Vibrational 
frequencies were systematically computed in order to ensure that, on a poten- 
tial hypersurface, all optimized geometries correspond to a local minimurn 
point which has all real frequencies or  a saddle point which has only one 
imaginary frequency. Potential energy surfaces were calculated at the 
B 3 LYP/6-311 G**//B 3 LYP/3-21 G' level of theory. We carried out geome- 
try optimizations with the 6-31 1 G** basis set for the important intermediates 
HO-Fe+-CH, and H ~ F e + - O C H ,  in both the spin states. 


It is not necessarily obvious from the structure of the transition state or the 
orientation of the transition vector whether the transition state connects thc 
desired reactants and products. In such cases, an analysis of the intrinsic 
reaction coordinate (IRC)'". 3 2 1  is very useful in order to follow the rcaction 
pathway from the transition state to the local minima. that is the reactants, 
intermediates, and products. As we will see, IRC analyses are found to he very 
effective for the determination of the true reaction pathways, since there 
appear to he several nontrivial transition states in this work. 


We calculated IRCs in a mass-weighted internal coordinate system at the 
B3 LYP level using the Gonzalez-Schlegel method'331 available in the Gaus- 
sian94 program. IRC analyses coupled with the hybrid HF/DFT method 
were carried out with the 3-21 G* basis set. We performed orbital interaction 
analyses with YAeHMOP (extended Hiickel MO program package) 
Hewlett Packard 5200. 712, and Silicon GraphicsR 10000 workstations were 
used for calculations in this study. 


Results and Discussion 


Reaction Paths for Methane-Methanol Conversion: By means 
of calculational trial and error, we found two possible reaction 
paths for the methane -methanol conversion in which one inter- 
mediate and two transition states are included in each path, as 
indicated in Scheme 1. Thus, taking the sextet and quartet spin 
states into account, there are four reaction paths in this conver- 
sion. The rcactant, product, and intermediates were calculated 
with a qualitative method,[18" but we have no information 
about the transition statcs so far. 


The first reaction path includes an insertion species, 
HO-Fe+-CH,, which both Schwarz and Armentrout pro- 
posed as playing an important role, as mentioned above. On the 
other hand, the second reaction path proceeds through a differ- 
ent intcrmediate, H-Fe' -OCH,. We call thesc reaction species 
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Scheme 1 
alyzed by FeO'. 


The two reaction paths for the conversion of methane lo methanol cat- 


hydroxy and methoxy intermediates throughout this paper. 
EC:P-DZ calculations indicate that the hydroxy inter- 
mediate is more stable than the methoxy intermediate by 
20 kcalmol-'.""I However, since there is no information on 
the transition states, it is not possible to predict which is the 
more favorable reaction path. Although these reaction paths 
seem to be quite simple, the actual situation is rather more 
complicated . 


The transition state connecting the reactant and the hydroxy 
intermediate, HO-Fe+-CH,, is associated with just a simple 
shift of hydrogen. On the other hand, both C-H bond cleavage 
and methyl migration occur in the transition state towards the 
methoxy intermediate, H-Fe+-OCH,. Our main concern in 
this paper is to discover, from the standpoint of the activation 
energy, whether the first reaction path (via the hydroxy interme- 
diate) is more favorable than the second one (through the 
methoxy intermediate), as previously suggested."'" Thus, we 
need detailed information on these transition states. In the 
course of the entire reaction paths shown in Scheme 1, only 
elementary hydrogen- and methyl-shift reactions are assumed to 
occur. Moreover, we assume these reactions proceed in a con- 
certed manner. We will analyze in detail the orbital interactions 
for the binding of methane to FeO', which is the most impor- 
tant and interesting initial stage for the activation of methane. 


Reactant and Product Complexes: We define the reactant, tran- 
sition states, intermediates, and product along the two reaction 
paths, as shown in Scheme 1. Let us look first at the reactant 
complex of FeO' and CH,. The optimized geometries of the 
reactant in each spin state (sextet and quartet) are shown in 
Figure 1 .  These structures show that the coordination of 
methane occurs at the Fe atom, thus forming the interesting 
Fe-C bond. The bond angles for C- F e - 0  are 142.3" and 109.4" 
in the sextet and quartet states, respectively. Moreover, the 
Fe-C bond length of 2.236 A in the high-spin sextet state is 
longer than that of 2.092 A in the low-spin quartet state. The 
Fe -0  distance of the reactant in each spin state is about 1.6 A; 
the Fe -0  distance and the atomic (Mulliken) charge of the 
oxygen of z - 0.3 remain unchanged compared to those of free 
FcO+ in each spin state. We confirmed, by means of vibrational 
analyses, that the geometries shown in Figure 1 correspond to 
true local minima on the potential energy hypersurfaces in these 
spin states. 


Sextet 
n 


1.593 
1.100 Y 


142.3 
2.236 1.097 


1.108 
102.7 


1.107 


Quartet 


1.106 
1.561 


109.4 


Fe ', 101.3 


1.110 


Figure I .  Calculated geometries of reactant complexes in the sextet and quartet 
states, with atomic distances [A] and bond angles (itulic) [ ' I .  


Let us now pay attention to the coordinated methane itself. 
In these reactant geometries, the three H-C-H angles of 
methane indicated in Figure 1 are decreased by 6.8-8.2" from 
109.5" of the T,-type methane. As a result, the coordinating 
methane adopts an almost C,,-type geometry. This is an inter- 
esting calculational result for methane activation. It is impor- 
tant to note that all the C-H bond lengths of methane in these 
structures remain unchanged from a standard value. Shestakov 
and S h i l o ~ [ ~ ' ~  have proposed that the activation of hydrocar- 
bons proceeds through an interaction between an oxoferryl spe- 
cies and hydrocarbons. Their model postulates a c,,-type de- 
formation of the hydrocarbon at the initial stage of the reaction. 
This C,,-type deformation was also proposed theoretically to 
occur in the coordination of methane to a supposed active center 
of methane monooxygenase (MMO) enzyme." 71 The optimized 
geometries for the reactant complex shown in Figure I strongly 
support these proposals. 


As a consequence of a C,,,-type deformation of methane, one 
orbital, which comes from each threefold-degenerate t ,  and t ;  
orbital of methane, approaches the frontier orbital region 
(Scheme 2). The interaction between one orbital from the occu- 
pied t ,  and the d-block of ML, complexes was found to be 
important for the activation of methane.[211 Billups et al.[361 also 
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Scheme 2. Frontier orbitals of T,- and C,,-type methane. 
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suggested the C,, deformation of methane from the low-tem- 
perature IR spectrum of Co(CH,), in which the triply degener- 
ate absorption at 1305.3 cm-' is split into two peaks. 


We know from the Fe-C distances (2.236 and 2.092 8, in the 
sextet and quartet states, respectively) that the interaction be- 
tween the iron and the carbon of the coordinating methane is 
not weak in the reactant complex. It is interesting that the atom- 
ic charge of the carbon in the reactant complex is - 1 .O in both 
the spin states, but the total charge of the coordinating methane 
is +0.22 and + 0.24 in the sextet and quartet states, respectively. 
Since the atomic charge of the carbon in free methane is -0.76 
in this methodology, the carbon is more negatively charged in 
this complex. Thus, upon formation of the reactant complex, a 
charge transfer and a significant charge polarization occur in the 
coordinating methane. The electrostatic interactions, such as 
charge-induced dipole and quadrupole, are likely to play a role 
in the bonding of this interesting reactant complex. 


Let us look at the orbital interaction between the FeO+ and 
CH, fragments for the analysis of the methane activation. The 
binding of methane to FeO' is the most interesting aspect in the 
initial stage of the entire reactions for the conversion of methane 
to methanol. Figure2 shows the fragment molecular orbital 


FeO+ OFe+-CH, CH4 


Figure2. Fragment molecular orbital (FMO) analysis in the sextet state for 
FeO' + CH, + OFe+-CH,. The threefold degenerate t 2  HOMO of Td methane is 
split in the C,,-type methane. 


analysis, based on the extended Huckel method, for the forma- 
tion of the 0Fe'-CH, complex, in which the optimized 
B3LYP geometry in the sextet state, indicated in Figure 1, is 
used. 


From the viewpoint of perturbation theory, two kinds of 
interactions play an essential role: [* the interaction between 
the HOMO of the substrate and the LUMO of the ML, com- 
plex, as well as that between the LUMO of the substrate and the 
HOMO of the complex. The two-orbital four-electron interac- 
tion between filled orbitals of substrate and complex is not im- 
portant. There are orbital interactions between the upper t ,  of 
methane and the singly occupied n and o d orbitals of FeO', 
which will result in a significant charge transfer. In fact, the total 
charge of the methane is + 0.1 6 in extended Hiickel calculations, 
which is consistent qualitatively with the B3LYP value of 
+0.22 and +0.24 in the sextet and quartet states, respectively. 
The C,, deformation of methane plays an essential role in these 
orbital interactions, because, as a consequence of this deforma- 
tion, one of the threefold-degenerate t ,  HOMOS goes up into 
the frontier orbital region. This is favorable for the orbital inter- 


actions from second-order perturbation theory. On the other 
hand, the t z  LUMOs of methane lie remarkably high at 
+ 3 - 5 eV, so that these unoccupied orbitals do not greatly con- 
tribute to the formation of the OFe+-CH, complex. 


Having described the formation of the Fe-C bond in the 
reactant complex, we shall next look at the product, which is a 
complex of Fe+ and methanol (Scheme 1).  The two geometries 
for the sextet and quar- 
tet states are quite simi- 
lar, as shown in Fig- 
ure 3. These were also 
confirmed to be local 
minima on each poten- 
tial energy hypersur- 
face by means of vibra- 
tional analyses. These 
structures correspond 
to a methanol molecule 
coordinating to Fe'. 
The methanol moiety 
in these structures is 
quite similar to the op- 
timized structure of 
methanol itself, except 
for the elongated C - 0  
bond, as indicated.[1sc1 
The fragmentation of 
the product complex, 
which leads to free 
methanol and Fe', is 
interesting. 


1.090 0.994 
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1.511 


Figure 3. Calculatd geometries of product 
complexes in the sextet and quartet states with 
atomic distances [A] and bond angles [ I .  


Intermediates and Transition States 


Sextet Reaction Paths: In this section, we will discuss two pos- 
sible reaction pathways for the sextet spin state. Let us look at 
the geometries of the two important intermediates, HO-Fe+ - 
CH, and H-Fe+-OCH,. These geometries in the sextet state 
are shown in Figure 4. We confirmed that these optimized geo- 
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Figure 4. Calculated geometries of hydroxy and methoxy intermediates in the sex- 
tet state. Values in parentheses are those from 6-311 G** calculations. 
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melries correspond to true local minima on the sextet potential 
energy surface. Wc would first like to consider the hydroxy 
intermediate. Schroder et aI.[lscl used ECP-DZ calculations to 
show that this intermediate has a C j r  gcomctry in which the 
0- Fe and Fe- C bonds are colincar. In contrast, the B 3 LYP 
method predicted a bent form with an 0 - F e - C  angle of 135.2”. 
Moreover, the Fe-C distance of 1.925 8, in the B 3 LYP geome- 
try is much shorter than that of 2.51 5 8, in the ECP-DZ geome- 
try. The Fe-- 0 bond length is 1.685 8, in the B 3 LYP calcula- 
tion. Since the total chargc of the 0 - H  group is almost neutral, 
-0.19, this short distance seems to be reasonable. The three 
Fc-C-H bond angles are close to 109.5”, those of methane. A 
methyl shift in this intermediate is thought to give the final 
product. 


The structurc of the methoxy intermediate, H -Fc+-OCH,,  
in the sextet state, was also reported in ref. [18c]. Here the G O ,  
0- Fe, and Fe-  H bonds were proposcd to be colinear. How- 
ever, our calculations gave the most stable 0 - F e - H  bond angle 
as 134.4 ’ . This is not an important difference, but the bent form 
seems to be a realistic structure for this intermediate from our 
vibrational analyses. Moreover, the F e - 0  distance of 1.674 8, 
in the B3LYP geometry is in rcmarkable contrast to that of 
2.157 A in thc ECP-DZ geometry. Since the total charge of the 
OCH, moicty is nearly zero ( -  0.09). our optimized F e - 0  dis- 
tance of 1.674 A is quite reasonable. We believe that our geome- 
try optimizations were correctly carried out, because ( S 2 )  val- 
ues indicate no spin contamination included in these states. One 
can imagine that this intermediate may also be converted direct- 
ly into the final product by a simple hydrogen migration. 


The hydroxy intermediate is more stable than the methoxy 
one by 20.4 kcalmol-’, which is consistent with the ECP-DZ 


The hydroxy intermediate is extremely stable; it is 
2.3 kcalmol-’ more stable than the final product and 
21.4 kcalmol-’ more stable than the reactant complex. How- 
ever, this fact does not immediately imply that the hydroxy 
intermediate plays an important role in the entire methanc- 
methanol conversion in the gas phase. It is therefore important 
to know the activation energies from the rcactant to these inter- 
mediates and those from the intermediates to the final product. 


In Figure 5. we propose the entire reaction pathways via the 
two kinds of intermediates described above. A possible reaction 
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path from the reactant to the hydroxy intcrmediate, HO-Fe+-  
CH,, via TS 1, is also included. This process consists of a simple 
hydrogen shift from the coordinating methane to  the oxygen, 
and proceeds through a typical four-centered transition state. 
This intermediate is subsequently converted into the final 
product through a simple [I ,2]-methyl migration to the oxygen. 
Transition state TS 2 links the hydroxy intermediate to the final 
product and has a trivial three-centered structure. One can eas- 
ily imagine the structure of this transition state by looking at 
those of the intermediate and product. 


Wc propose a different reaction pathway connecting the reac- 
tant and product via the methoxy intermediate, H - F c + -  
OCH, . In our reaction scheme, this intermediate is formed di- 
rectly from the reactant by hydrogen- and methyl-shift reactions 
in the sextet state, as indicatcd. A key point in this reaction is the 
almost simultaneous occurrence of the hydrogen shift and the 
[1,2]-migration of the methyl group. The structure of the four- 
centered transition state, TS 3, seems to  be quite reasonable both 
for the cleavagc of C - H  bond and for the migration of a methyl 
group. IRC analysis is very important for the characterization 
of this reaction path, since we cannot intuitively judge whether 
or not the transition state we found is thc true one connecting 
the rcactant and intermediate. This is a two-step reaction, but it 
looks like a single step because the associated two transition 
states are located in the same region of space on the sextet 
potential energy surface, as described later. The methoxy inter- 
mediate is converted into the final product through a simple 
[1,2]-hydrogen shift from the iron to the oxygen. TS4, connect- 
ing the methoxy intermediate and the final product, has a typi- 
cal, three-centered structure. In contrast to TS 3, the structure of 
TS 4 is trivial, and one can easily imagine the structure of this 
transition state in view of the methoxy intermediate and the 
final product. 


The two main rcaction paths through the two important in- 
termediates, HO-Fe+-CH, and H-Fe’ -OCH,, are outlined 
in Figure 5.  As we will see later, the reaction paths in the quartet 
state are quite similar to these. 


Having described the outline of the reactions, let us now turn 
our attention to the geomctries of the transition states. We 
found two transition states along each reaction path, as indicat- 
ed in Figure 5. We would like to look at  the first reaction path 


(in the sextet spin state), which proceeds through the 
hydroxy intermediate, HO-Fe+ -CH,. The struc- 
tures of TSl(s) and TS2(s) in the course of this 
reaction path are shown in Figure6, in which 
TSl(s) represents TSI  in the sextet state. Vibra- 
tional analyses indicated that these transition-statc 
structures have only one imaginary frequency mode, 


+ I  


Product complex 


which ensures that these correspond to a saddle 
FeO’ + CH, 4 Fe-CH, Fe-o\ -+ Fei+CH30H point on thc sextet potential energy surface. The 


transition vectors lcading to the forward reaction 
and the corresponding imaginary frcquencies are al- 
so indicatcd in Figure 6. 


TS l(s) corresponds to a simple hydrogen shift 
which leads the reactant to the hydroxy intermedi- 


of 1.456 8, and the 0- H bond length of 1.355 8, in 
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TS2(s) 
Fe 


5271‘ 


0.991 


Figure 6. Calculated geometries for TS 1(s) and 
TS2(s) on the hydroxy-intermediate path in the 
sextet state. lmaginary vibrational modes (transi- 
tion vectors) Tor the forward reactions are given in 
cin ~ 


1.681 A and 2.1108, 
respectively in TS l(s) 
are slightly longer 
than those of the re- 
actant. Although the 
Fe -0  distance re- 
mains almost un- 
changed during this 
hydrogen shift, the 
Fe-C distance short- 
ens remarkably after 
passing TS l(s), as in- 
dicated in the geome- 
try of the hydroxy in- 
termediate shown in 
Figure 4. TS2(s) con- 
nects the hydroxy in- 
termediate and the 
final product by a 
methyl migration. 
The Fe-0  distance 
changes from 1.685 A 
in the hydroxy inter- 
mediate to 1.935 8, in 
the final product dur- 
ing this migration. 
The Fe -0  distance 


of 1.746 8, in TS2(s) is thus an intermediate value. The transi- 
tion-state structures of TS 1 (s) and TS 2(s) have typical four- and 
three-centered structures (Figure 6). 


Let us look next at the transition states along the second 
rcaction path in the sextet state. TS3(s) connects the reactant 
and the methoxy intermediate, H-Fe+-OCH, (Figure 5), and 
it is at the mid-point for both the hydrogen shift from the 
methane to the iron and the methyl shift from the iron to the 
oxygen. TS 3(s) is very intriguing because two basic reactions are 
related to i t ,  as mentioned above. In contrast to TS l(s), it was 
difficult to obtain the structure of TS3(s) from those of the 
reactant and intermediate, because both C- H bond cleavage 
and migration of the methyl group occur simultaneously in this 
reaction. Although we inspected the potential energy surface 
very carefully, a stable point was not found in the vicinity of this 
transition state. Thus, we can reasonably treat TS 3(s) as a single 
transition state. The optimized geometries for TS3(s) and 
TS4(s) are shown in Figure 7. 


The Fc-C distance in TS 31s) (1.981 A) is rather short com- 
pared to that in the reactant. The dissociating C-  H bond length 
is 2.624 A. Although TS 3(s) is associated with both a hydrogen 
shift and a methyl migration, we find that in the vicinity of this 
transition state the cleavage of the C-H bond is completed 
earlier than the methyl shift. This is also seen from the Fe-H 
distance of 1.551 8, in TS3(s), which is rather short for the 
transition state geometry associated with Fe-H bond cleavage 
or formation. We will see, from a detailed IRC inspection, that 
two transition states, caused by the hydrogen shift and the 
methyl migration, are overlapping in the same region of the 
potcntial energy surface. The former transition state (hydrogen 
shift) is screened by the latter one (methyl migration). Figure 7 
also shows the optimized geometry of TS4(s), which links the 
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Figure 7.  Calculated geometries for TS 3(s) and TS4(s) on the methoxy-intermedi- 
ate path in the sextet state. 


methoxy intermediate to the final product. TS4(s) has a trivial 
transition-state structure lying between the incthoxy intermedi- 
ate and the final product-a typical three-centered structure 
that corresponds to a simple [I ,2]-hydrogen shift. 


In Figure 8 we show the energy diagram along the entirety of 
the reaction pathways, as well as the structures of the minima 


j V,.OCH3 + _.: ] 
H 


Reactant 
+ + / ”  


,Fe-CH3 Fe-0 


Hydroxy INT Product 
HO ‘H 


Figure S. Potential energy diagram in the sextet state for the conversion ofmethane 
to methanol. Relative energies are given in kcalmol-’. 


and saddle points in the sextet spin state. What can we predict 
from this energy diagram? First of all, the reactant is stabilized 
compared with FeO’ and CH, by 19.5 kcalmol-’, due to thc 
formation of Fe-C bond. Thc formation of this bond and the 
five-coordinate methane are theoretically very interesting, and 
in the previous section we looked at the fragment molecular 
orbital analysis on the complex formation of FeO’ and 
methane. 
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Thc activation energy from the reactant to the hydroxy inter- 
mediate, HO-Fe+-CH,, is 32.6 kcalmol-'; on the other 
hand, that from the reactant to the methoxy intermediate, H- 
Fe~'-OCH,, is very high (69.7 kcalmol-') in the sextet state. 
The difference between the energies of HO- Fe+- CH, calculated 
at the B3LYPi6-311 G**//B3LYP/3-21 G* and B3LYPi6- 
311 G** levels is only 2.3 kcalmol-' and that between the ener- 
gies of H-Fe+-OCH, at the same levels is 2.5 kcalmol-' be- 
cause these 3-21 G* and 6-311 G** geometries are similar to 
each other (Figure 4). The hydroxy intermediate is more stable 
than the methoxy intermediate by 20.4 kcal mol - '. Moreover, i t  
is noted that the hydroxy intermediate is stable compared to thc 
reactant and product. Therefore, from an energetic viewpoint, 
we conclude that the hydroxy intermediate is easily formed and 
that the reaction path toward this intermediate is energetically 
preferred on the sextet potential energy surface. 


However, the activation energy from the hydroxy intermedi- 
ate to the final product is large, 40.5 kcalmol-', because the 
hydroxy intermediate is stable, as mentioned above. On the 
other hand, that from the methoxy intermediate to the final 
product is 30.4 kcal mol On considering the total of the two 
activation energies in each path, we can predict that the reaction 
path through the hydroxy intermediate is more favorable for the 
entire methaneemethanol conversion in the sextet state. 


Quarfet Reaction Paths: The reaction pathways in the quartet 
state are quite similar to those in the sextet state. We have also 
found the hydroxy and methoxy intermediates in the quartet 
state. Let us first look at the transition states towards these 
important insertion intermediates. Figure 9 depicts the transi- 
tion state towards the hydroxy intermediate, TS l(q), and the 
transition state towards the methoxy intermediate, TS 3(q). 
Hcre TSl(q) represents TSI in the quartet state. Vibrational 


analyses indicated that these transition-state structures have 
only one imaginary frequency mode. The transition vectors 
leading to the forward reaction and the corresponding imagi- 
nary frequencies are also indicated in Figure 9. 


The geometry of TS l(q) is quite similar to that of TS l(s) in 
Figure 6. These transition states correspond to a hydrogen shift 
that links the reactant and the hydroxy intermediate. Thus, the 
C-H bond length of 1.3578, and the 0 - H  bond length of 
1.384 8, in the bond-cleavage and -creation region are reason- 
able. The geometry of TS3(q) is essentially similar to that of 
TS 3(s); however, since the 0- Fe-H angle is larger in TS 3(q), 
these two transition states have a different shape. 


We look next at the hydroxy and methoxy intermediates in the 
quartet spin state. The geometries of these species in the quartet 
state are shown in Figure 10. Let us first compare the sextet and 
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Figure 10. Calculated geometries of hydroxy and methoxy intermediates in the 
quartet state. Values in parentheses are those from 6-31 1G** calculations. 
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Figure 9. Calculated geometries of TS l(q) and TS 3(q) in the quartet state. Imagi- 
nary vibrational modes for the transinon states are given in  a n  I. 


quartet geometries of the hydroxy intermediate, HO-Fe+ 
CH, . Although the bond lengths of these are quite similar, the 
bond angles are very different. As shown in Figures 4 and 10, 
the C-Fe-0  and Fe -0 -H angles in the sextet state are 135.2' 
and 174.0", respectively; in contrast, those in the quartet state 
are 107.6" and 138.2", respectively. Generally speaking, the low- 
spin quartet state seems to prefer a bent geometry in this system. 
This is also true in the rnethoxy intermediate, H-Fe'-OCH,. 
The C- 0- Fe and 0- Fe- H angles in the sextet state are 177.4: 
and 134.4", respectively; on the other hand, those in the quartet 
state are 142.0" and 106.0", respectively. All these bond angles 
are, in general, smaller in the quartet state than in the sextet 
state. This point is interesting, considering that low-spin 
methylene prefers a bent geometry compared to high-spin 
methylene.[371 We believe the present calculational results to be 
correct, because there is no spin contamination in either of the 
spin states. 


The hydroxy intermediates of the quartet and sextet states are 
shown to be of nearly equal energy by B 3 LYP calculations. The 
ground state of an analogous insertion species, H-Fe+ -OH, 
formed by the reaction of FeO' + H, in the gas phase, has been 
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calculated as a quartet.['xd1 The methoxy intermediate of the 
quartet state lies 4.6 kcalmol- ' above that of the sextct state. 


Having described the two important intermediates, wc next 
take a look at the transition states towards the final product 
along the two quartet reaction paths. Figure 11 shows the ge- 
ometries for these two transition states. The transition vectors 


Fe 0 


1002i 


Figure 11 .  Calculated gcometries of TS 2(q) and TS4(q) in the quartel state 


point exactly towards the formation of the final product. These 
are associated with typical [I ,2]-methyl and -hydrogen migra- 
tions which proceed through typical three-centered transition 
states. These geometries are very similar to those of the sextet 
state. 


The energy diagram along the entire reaction pathways, as 
well as the optimized geometries at minima and saddle points on 
the quartet potential energy surface, are shown in Figure 12. 
These relative energies, in units of kcalmol-', are measured 


Fe' + CH,OH 


p 3  
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Figure 12. Potential energy diagram in the quartet s a l e  for the conversion of 
methane to methanol. Relative energies, measured from FeO' + CH, in the sextet 
state, are given in kcalmol - '. 


from the energy of FeO' +CH, in the sextet state (see 
Figure 8). The quartet state of FeO' is calculated to be 
8.6 kcalmol-' higher than that of the sextet state. Carter and 
GoddardL3'] and Fiedlcr et al.L391 calculated the high-spin and 
low-spin states of several transition metal oxidcs, MO ', using 
the generalized valence bond (GVB) and CASSCF methods, 
respectively. The calculated energy splitting between the sextet 
and quartet Fe' (18.4 kcalmol-') clearly overestimates the ex- 
perimental value of 6.4 kcalmol- ' .[4"1 Although it is theoreti- 
cally clear that such multiconfiguration approaches offer a rea- 
sonable and satisfying treatment for highly degenerate Fe+ and 
FeO', the present hybrid HF/DFT method is found to behave 
fairly well for Fe' and FeO' in both spin states. 


The energy differenccs between the intermediates and the 
transition states are relatively small in the quartet state. We 
think this is partly due to the fact that the reactant and interme- 
diates prefer bent geometries in the quartet state, compared to 
those in the sextet state, as mentioned above. The bent ge- 
ometries in the quartet state would be favorable for the forma- 
tion of three- and four-centered transition states. 


The reactant complex in the quartet state lies 9.1 kcalmol-I 
above that in the sextet state. The activation energy from the 
reactant to the hydroxy intermediate is therefore not large, 
13.1 kcalmol-I. On the other hand, that from the reactant to 
the methoxy intermediate is 37.5 kcalniol- The differencc be- 
tween thc energies of HO-Fe+ -CH, calculated at the B3 LYP/ 
6-311 G**//B3LYP/3-21 G* and B3LYP/6-311 G** levels is 
only 2.7 kcalinol-' and that between the energies of H - F c + -  
OCH, at the same levels is 2.2 kcalmol- I .  The result is because 
these 3-21 G* and 6-311 G** geometries are similar to each oth- 
er, as shown in Figure 10. Therefore, the reaction path via the 
hydroxy intermediate is also more favorable in the quartet state. 
We can see that the potential curve in the diagram of the quartet 
state is relatively flat. Thus, thesc reactions are predicted to 
occur easily in the quartet state. 


The hydroxy intcrmediate lies below the methoxy intermedi- 
ate by 25.1 kcdlniol-' in the quartet state. This energy differ- 
cnce is comparable to 25.7 kcal mol- ' for that in the sextet state. 
Consequently, the activation energy from the hydroxy intermc- 
diate to the h a 1  product is 26.5 kcalmol-', and that from the 
methoxy intermediate to the product is 6.6 kcalmol- '. 


The potential curves of the quartet state are flat compared 
with those of the sextet state. Therefore, crossing between the 
high-spin and low-spin potential energy hypersurf. 'ices can oc- 
cur, as suggested by Schwarz's and Armentrout's groups.[". '''I 


As discussed in ref. [IS h], an analysis of the spin-orbit coupling 
is essential, along with that of barrier heights, because a curve 
crossing between high-spin and low-spin states may constitute a 
distinct mechanistic step along these reaction coordinates. The 
comparison of two-state reactivity with single-state reactivity in 
H-H and C-H bond activation catalyzed by bare oxocations, 
MO' , has already been described." 'hl In any case, energetic 
factors such as activation energy play an essential role, so that 
the sextet and quartet state energy diagrams we show in Fig- 
ures 8 and 12 will contribute greatly to the analysis of the 
methane-methanol conversion. 


Intrinsic Reaction Coordinates: IRC analyses were carried out 
along the entire reaction pathways for both the spin states. The 
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IRC analyses confirmed that the intermediates and transition 
states we have shown so far are exactly on the true reaction 
paths from the reactant to the final product in the sextet and 
quartct spin statcs. In particular, we are intcrested in the analy- 
ses of the first half of the rcaction pathways, that is prior to the 
formation of the hydroxy and methoxy intermediates, because 
the second half of the reactions are quite trivial, as already 
demonstrated. In this section, we describe IRC analyses for the 
reaction pathways towards the hydroxy and methoxy intermedi- 
ates in the sextet state. These are rather complicated and non- 
trivial compared to those from the intermediates to  the final 
product. 


IRC‘s in Sextet State: Let us look first at the reaction path 
towards the hydroxy intermediate in the sextet state. Figure 13 


-40 4 I 


0.0 10.0 
s (arnu”2-bohr) 


I-igure 13. Energy profile along the IRC from the reactant to the hydroxy interme- 
diate in the sextet state. 


shows the energy profile along the IRC from the reactant to the 
hydroxy intermediate. This is a typical energy profile due to a 
single transition statc. TS l(s) corresponds to  the hydrogen shift 
from the coordinating methane to the oxygen, as indicated in 
Figure 6. Since this peak is very sharp, the IRC is easy to  calcu- 
late. 


We next consider the interesting reaction path towards the 
methoxy intermediate. As shownin Figure 14, the energy profile 
is asymmetric, because TS 3(s) is composed of the two transition 
states, as mentioned above. One of these corresponds to  a hy- 
drogen shift, and the other to a methyl shift (Figure 7). The 
hydrogen shift occurs earlier and this energy peak is covered by 
the second peak of the methyl migration, which occurs later. 
Interestingly, these two transition states coexist in the same 
region of the potential energy surface, so that the overlap of 
these peaks leads to an asymmetric single peak. We do not think 
i t  is a problem to treat this as an ordinary single peak. In fact, 
a close inspection of the potential energy surface confirmed that 
there is no stable intermediate in the vicinity of this reaction 
path. 


Detailed analyses of the change in the bond lengths and 
angles, as well as the energy profiles along the IRCs of the 
methane-- methanol conversion, will be reported elsewhere. 
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Figure 14. Energy profile along the IRC from the reactant to the methoxy interme- 
diate in the sextet state. The main peak is due to methyl migration and the 4ioulder 
due to  the hydrogen shift which is completed sooner. 


Summary and Conclusions 


We have used a modern hybrid HF/DFT method to describe the 
theorctical conversion of methane to methanol catalyzed by 
FeO’ in the gas phase. The geometries of the reactants, prod- 
ucts, intermediates, and transition states along the two reaction 
pathways via the important insertion intermediates, HO -Fe+ - 
CH, and H--Fe+-OCH,, have been described in both the sex- 
tet and quartet spin states. The energy profiles of the quartet 
reaction pathways are rather flat compared to the sextet ones. 
On the basis of the activation energies we have calculated, we 
concludc that the reaction path via the hydroxy intermediate is 
preferred for both spin states. These calculational results are 
fully consistent with an experimental prediction that the hy- 
droxy intermediate is a major We have not 
discussed a possible cross over between the high-spin and low- 
spin potential energy hypersurfaces Since this effect is thought 
to play a n  important role in the reactions catalyzed by transi- 
tion- metal oxides,[1sh1 we will consider this interesting problem 
in future studies. 


We believe that our theoretical study on the possible reaction 
pathways for the conversion of methane to methanol will also be 
useful for the analysis of catalytic and enzymatic functions of 
C-H and C-C bond activation by iron complexes. In particu- 
lar, our study may be useful for the elucidation of the catalytic 
functions of cytochrome P-450 and methane monooxygenase 
(MMO), since they contain oxoferryl species, Fe-0, in their 
catalytically active centers. The activation energies along the 
possible reaction pathways we have shown are rather small com- 
pared to the C - H  bond energy of = 100 kcalmol-I. We think 
that the proposed concerted mechanisms may play a role in such 
metalloenzyme systems, although a t  present we cannot easily 
compare simple gas-phase reactions and complicated enzymatic 
reactions. In a previous Yoshizawa, Yamabe, and 
Hoffmann discussed the importance of the C,,-type defornia- 
tion of methane in the initial stage of methane activation in the 
catalytic cycle of MMO. In this paper, our a b  initio calculations 
have shown that C,,, deformation of methane plays a role in 
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the formation of the OFe' -CH, complex, which contains five- 
coordinate methane; we have clarified several aspects of the 
reaction pathways for the methane-methanol conversion cata- 
lyzed by FeO+. 
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Bidirectional and Convergent Routes to Oligo(tetrahydrofurans) 


Ulrich Koert,* Matthias Stein and Holger Wagner 


Abstract Oligo(tetrahydrofurans) (oligo-THFs) 8- 12 have bccn synthesised stereose- 
lectively Multiple Williamson reactions were used as key steps While oligo-THFs with 
an even number of THF rings like the bi-THFs 8 and 9 as well a? the tetra-THFs 10 and 
11 were obtained by a bidirectional strategy, the penta-THF 12 with an odd number of 
THF rings was prepared by a convergent strategy with a sulfone -aldehyde coupling as 
connecting step The ohgo-THF products are important structural features of natural 
(Annonaceae acetogenins) and non-natural (artificial ion channels) products 


Keywords 
oligomers * polyethers tetrahydro- 
furans - Williamson reaction 


Introduction 


2,s-Connected oligo(tetrahydrofurans) (oligo-THFs) ol' type 1 
are key structural features of natural and non-natural prod- 
ucts.['] The annonaceous acetogenins, a class of natural prod- 
ucts with remarkable antitumor, immunosuppressive, anti- 
malarial and pesticidal properties, include a large number of 
compounds with a bi-THF skeleton.[" Recently the isolation of 
goniocin 2, the first tri-THF acetogenin, has been reported.[31 
01'the non-natural products, oligo-THFs and oligo-THF amino 
acids such as 3 are important building blocks for oligo-THF 


1 3 


HO 


2 
1 


peptides, which can be inserted into membranes and show chan- 
nel-like cation-transport beha~iour . '~ ]  The key to the bioactivity 
of the oligo-THF compounds lies in their stercostructure. For 
example. one of the preferred conformations in the all-trans- 
ihrro-trans serics is helical.[41 


Whilc several synthetic approaches to bi-THFs arc already 
known,I5' routes to larger oligo-THFs are rare. Domino-type[61 
intramolecular openings of epoxides"] (4 -+ 5 )  or cyclic sul- 
fatcsc8] have been reported (Scheme 1). Direct oxidative cyclisa- 
tion routes are a useful approach to olig~-THFs.[~'  


Domino 


4 5 


Multiple 
reaction 


6 7 


Scheme I .  Domino-type epoxide opening and multiple Williamson reaction. two 
alternative approaches to  oligo-THFs. 


We envisioned the intramolecular multiple Williamson ether 
reaction (6 +7) as a key reaction for the construction of the 
oligo-THF framework.['0] Here we provide a full account of the 
use of the intramolecular Williamson reaction in bidirectional 
and convergent strategies that lead stereoselectively to oligo- 
THFs of type 8-12.r"1 


Results and Discussion 


[*I Prof. Dr.  U .  Koert. Dr. Matthias Stein, Dr. H. Wagner 
Fachbereich Chcniie der Philipps Ilniversitiit 
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Target molecules 8-11 with an even number of THF rings were 
chosen to test the bidirectional strategy, while compound 12 
with an odd number of THF rings was adressed by the convcr- 
gent strategy. Starting point for the bidirectional approach was 
the eiiantiomerically pure bromide 13." 'I Alkylation of 
dilithium diacetylide, prepared from the ethylencdiamine com- 
plex of lithium actetylide and lithium amide, with two equiva- 
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R = Si-IBuPh;! 


lents of 13 gave the disubstituted acetylene 14 in 41% yield 
(Scheme 2 ) .  A subsequent reduction with sodium in liquid 
NH,[131 provided the (E)-alkene 15 in 90% yield. 


13 14 


15 


Scheme2. Synthesis of the olefin 15. a) 1 Zequiv LiNH,, NH,. -33"C, then 
1.0 equiv lithium actetylide ethylenediamine complex, then 2.0 equiv 13, -33 'C, 
3 h (41%); b) 2.4equiv Na, NHJTHF (1 /1) .  -33°C. 2 h (90%). 


By a diastereoselective Sharpless dihydroxylati~n,['~I the 
olefin 15 was converted with AD-mix$ (asymmetric dihydroxy- 
lation) to diol 16 and, with the corresponding AD-mix-a, to the 
diol 17 (Scheme 3). In both reactions a stereoselectivity of 9: 1 
was observed. These complementary results show that reagent 
control by the Sharpless catalyst is solely responsible for the 
stereoselectivity. This observation was supported by a control 
experiment in which the olefin 15 was dihydroxylated in the 
absence of a chiral ligand : use of OsO,/N-methylmorpholine-N- 
oxide gave a 1 : 1 ratio of 16 and 17. The two chiral centres of 15, 
therefore, had no stereocontrolling influence on the dihydroxy- 
lation process. 


Ditosylation of the diol 16 followed by double acetonide 
cleavage gave the tetrahydroxyditosylate 18, which was subject- 
ed to a multiple Williamson reaction with NaH as base. The 
resulting hydrophilic bi-THF-diol8 was isolated as its lipophilic 
bis(tert-butyldiphenylsilyl) ether 20. The overall yield from 16 to 
20 was 52%. By the same route, the diol 17 was transformed 
into the bi-THF 21 via the tetrahydroxyditosylate 19. The rela- 


15 


, .  
16 17 


i g,h 


18 19 


8 (R=H) 9 (R=H) 
20 (R = TBDPS) 21 (R = TBDPS) 


Scheme 3. Multiple Williamson routes to the hi-THFs 20 and 21. a) 1 equiv AD- 
mix$, tBuOH/H,O l / l .  0-20 "C. 12 h (98%); b) 1 equiv AD-mlx-r, rBuOH/H,O 
l/J.O-20"C, 12 h ( 8 4 % ) ; c j  8equivp-TsCl,pyridine(83%);d) AcOHjH,O ]Oil, 
40°C  8 h ;  e )  8 equiv NaH, THF, 3 h, 40 "C (71 %, from 16); f )  TBDPSCI, imida- 
zole, DMF (89%);  g) 8 equivpTsC1, pyridine (86%). h) AcOH/H,O 10,!1, 40 ' C ,  
6 h ;  i) 8 equiv NaH, THF, 3 h, 40 "C (58 %, from 17); j )  TBDPSCI. imidazole, 
DMF (92%). TBDPS = tBuPh,Si. 


tive configurations of the bi-THFs 8 and 9 correspond to the 
bi-THF core of several annonaceous acetogenins.[21 For ex- 
ample, the trans-threo-trans pattern of 8 is found in bullatacin, 
while the cis-threo-cis pattern of 9 corresponds to rolliniastat- 
in 1. Since both initial bromide enantiomers 13 and enr-13 can 
be combined with AD-mix-cc and AD-mix-& a wide variety of 
bi-THFs can be synthesised by this modular approach. 


For a bidirectional synthesis of the tetra-THF LO, a central 
bifunctional dibromide 26 was required. Starting from the enan- 
tiomerically pure bisepoxide 22," a Cu'-catalyzed, regioselec- 
tive epoxide opening by vinylmagnesium chloride gave the diol 
23 (Scheme 4). After acetonide protection of the diol function, 


o i o  2 qJ- 
HO OH 


22 23 


b c, d 
+ 


O x 0  


24 


HO"OH e , f  ~ B , ? - s 7 e ,  


O x 0  O x 0  


25 26 


Scheme 4. Synthesis of the dibromide 26: a) vinylmagnesium chloride. cat. Cu- 
Br.Me,S, THF, -30-0 'C ( 8 5 9 " ) ;  b) 2,2-dimethoxypropane, pTsOH (98%); 
c) O,, CH,CI,, -78°C then Me,S; d) NaBH,, MeOH ( 5 6 % ) ;  e) p-TsCI, pyri- 
dine; f)  LiBr. THF (66% from 25) 
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24 was obtained. Subsequent ozonolysis and NaBH, work-up 
gave the diol 25, which was transformed via the corresponding 
ditosylate into the dibromide 26. 


Monoalkylation of acetylene with the bromide 13 afforded 
thc monosubstituted alkyne 27 (Scheme 5 ) .  The latter was al- 
lowed to react with the dibromide 26 to yield the dialkyne 28, 


n a A 


13 27 


C 


d 


28 


d -- 
30 


Scheme 5 Synthrnic of' the tetraol 30. a )  1.3 equiv lithiiim actetylide ethylenedi- 
ainme complex, NH,/'IHF (loll) ,  then 1.0equiv 13, -33"C, 3 h (81%): 
h) 1 .3  equiv LiNH,, NH,, -33 'C,  then 4 3 equiv 27. 15 mln, then 1.0 equiv bt-o- 
mitie 26, - 3 3 ' C .  3 h (67%);  c) 4.4equiv Na, NH,/THF 1.5'1, - 3 3 ' C ,  1.5 h 
(70%); d) 2.2 equiv AD-inix-/I, /BuOH/H,O ( l i l ) ,  0-20'C. 12 h (98%;. 


which was rcduced to the dialkene 29. With the carbon back- 
bone of the tetra-THF in place, the introduction of the reniain- 
ing stereocentres was addressed next. Diastereoselective double- 
Sharpless dihydroxylation gave the tetraol 30 with a 
stereoselectivity of 9: 1 per double bond. 


Prior to the multiple Williamson reaction, the tetraol 30 was 
converted to the hexahydroxytetratosylate 31 by quadruple to- 
sylation and subscquent triple acidic acetonide cleavage 
(Scheme 6). Heating the cyclisation precursor 31 in dry T H F  
with 2.5 equiv NaH per hydroxy function to 40 ' C  for 4 h pro- 
duced the tetra-THF 10 in 56% yield. 


31 


C 
__t 


d r - ~ O : R = H  32: R = TBDPS 


Scheme 6. Synthesis ofthe tetra-THF 32. a )  16 equiv p-TsC1, pyridine; b) AcOH/ 
H,O (10 , l ) .  40 'C. 8 h ,  c) 12eyuiv NaH. THF, 3 h, 40 C ( 5 6 %  from 30); 
d )  'I'BDPSCI, imidarole. D M F  (95%). TBDPS = rBuPh,Si. 
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The 'H and 13C NMR spectra of 10 show the characteristic 
half set of signals reflecting its C ,  symmetry. Four rings were 
closed in a single step in a predictable manner. Two points are 
noteworthy in this quadruple Williamson reaction. First, it 
exhibits strict selectivity for five-membered rings. No formation 
of six-membered or larger ethers occurred. Second, this multiple 
Williamson reaction shows cooperative behavior. When the re- 
action 31 -10 was followed by thin layer chromatography, the 
highly polar spot of the starting material slowly disappeared 
while just one spot slowly appeared with increasing activity: the 
product spot with all four THF rings closed. Intermediates with 
one, two or three THF rings could not be detected. This indi- 
cates that the formation of the first THF ring helps the forma- 
tion of the second, the third, and the fourth T H F  ring. Such a 
process is reminiscent of haemoglobin,[' 61 a tetrameric protein 
that binds four molecules of 0,. It consists of four subunits, 
each with a haem molecule capable of binding one 0, molecule. 
In the hacmoglobin case, binding of 0, to the first haem mole- 
cule helps to bind 0, to the second, the third and the fourth 
haem molecule. While cooperative phenomena are well known 
in biochemistry," 71 physical chemistry['81 and supramolecular 
chemistry," 91 they may deserve more attention in organic syn- 


For  the stereoselective synthesis of tri-THFs, a convergent 
strategy was developedr2'] which allowed the coupling of build- 
ing blocks containing one T H F  ring. The reaction of an a-lithi- 
atcd sulfone with a n  aldehyde was found to be a suitable for 
connecting the left and right parts of the molecule. 


In order to apply this sulfone-aldehyde coupling to the bidi- 
rectional strategy, we focussed on the disulfone 34 (Scheme 7). 


enf-22 - a Ph02svso2Ph HO OH 


33 


pho2svso2ph b 
d 


End OBn 


34 


SLheme 7 Synthesis of the his(su1fone) 34 a) 2 equiv methyl phenyl sultone, tzBu- 
Li, THEIhexAne. -78-0 C ,  12 h ( 9 5 % ) ,  b) BnBr, NaH, THF (91%) 


As a central building block, 34 should allow one to elaborate the 
molecule simultaneously to the lcft and to the right. Therefore, 
a short and efficient synthesis of the enantiomerically pure disul- 
fone 34 was necessary. Towards this end the diepoxide enr-22 
was treated with an cxcess of a-lithiated methyl phenyl sulfone. 
The resulting dihydroxydisulfone 33 was dibenzylated to  yield 
the disulfone 34. 


With the disulfone 34 in hand we turned our attention to the 
bidirectional sulfone-aldehyde coupling (Scheme 8). Dilithia- 
tion of 34 was accomplished with lithium diisopropyl amide at 
- 78 .'C in THE Addition of 2.2 equiv of the mono-THF alde- 
hyde 35[211 produced a dihydroxydisulfone as the direct cou- 
pling product. Without further purification, the latter was 
Swern oxidised to the corresponding diketodisulfone, which was 
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Scheme 8. Synthesis of the tetra-THF 11 (R = TBDPS = tBuPh,Si). a) 34, 
2.4 equiv LDA, THF, -78 “C, then 2.2 equiv 35, -78-0’C; b) (COCI),, DMSO, 
Et,N. CH,CI,; c) AI/Hg, THF/nPrOH (5/1) (42% from 34); dj  L-selectride, THE 
-78 ’C, 8 min (99%); c) p-TsC1, pyridine (80%): f )  H,, Pd/C, MeOH, 2 0 ° C  6 h 
(85%); 9) NaH, THF, 4O”C, 2 h (74%). 


desulfonised with aluminium amalgam to the diketone 36 (42 % 
yield from 34). 


L-Selectride reduction of 36 gave the diol 37. The I3C NMR 
spectrum of 37 showed the signal for the new stereocentre at 
6 =74.3, as expected[”] for the threo reduction product. In 
contrast, the erythro epimer[”I would have been seen at 6 = 72. 
The stereoselectivity in the formation of 37 was > 95: 5,  as deter- 
mined by inspection of the ‘H and I3C NMR spectra. In prepa- 
ration for a multiple Williamson reaction to close the remaining 
two THF rings simultaneously, diol 37 was first ditosylated. 
Next, the two benzyl ethers were cleaved by hydrogenolysis. 
Finally, double intramolccular Williamson reaction afforded 
the tetra-THF 11 with trans-erythro-trans-threo-trans-erythro- 
trans relative configuration in a stereocontrolled manner. 


For the synthesis of membrane-bound ion channels longer 
oligo-THFs are desirable. To test the scope of the synthetic 
methodology developed so far, the assembly of the penta-THF 
12 was investigated. Along the convergent route a bis-THF 
aldehyde should be connected to a his-THF sulfone, after which 
ring closure of the new central THF ring gives the pentacyclic 
target structure. Beginning with the bis-THF aldehyde 38,[’” 
the his-THF sulfone 41 was synthesised first (Scheme 9). 
Reagent-controlled ally1 boration[”’ of 38 with ( -)-&ally1 
diisopinocampheylborane lead stereoselectively (threoleryth- 
ro = 85/15) to a homoallylic alcohol, which was converted into 
the corresponding benzyl ether 39. The 85/15 mixture was sepa- 
rated by chromatography at the benzyl ether stage. Attempts to 
use a substrate-controlled reaction for the allylation of the alde- 
hyde 38 failed. For example, an SnC1,-catalysed Sakurai reac- 
tion with allyltrimethylsilane gave a 1:l  mixture of both 
epimers. Reaction of 38 with allylmagnesium bromide/CuBr 
afforded only a 3 / 2  epimeric mixture. 


The terminal double bond of compound 39 was ozonised. 
After NaBH, reduction the alcohol 40 was obtained. The latter 
was transformed via its phenyl t h i ~ e t h e r ~ ” ~  into the phenyl 
sulfone 41. Magnesium monoperoxophthalate (MMPP) proved 


39 40 


a, b t 


42 


Scheme 9. Synthesis of the ketone 42 ( R  = TBDPS = fBuPh,Sij. il) (-)-5-A1- 
lyldiisopinocampheylborane, THF, - 78 ‘C (75 To); b) BnBr. NaH, THF, 72 Yo,  
c) O,, CH,Cl,. Ph,P (97%). d) NdBH,, MeOH (99”i”): e) PhSSPh. Bu,P, 
CH,CI, (YO”/,); f )  MMPP, EtOH, 20’C, 30min (76’Yoj; g) LDA, THE -78 C :  
h) (COCl),, DMSO, CH,CI,, -50°C then Et,N; i) AI/Hg, THFInPrOH (73% 
from 41). 


to be the reagent of choice for the thioether to sulfone oxida- 
t i~n . ‘ ’~]  


When the lithiated his-THF sulfone 41 was allowed to react 
with the bis-THF aldehyde 38, a coupling product resulted, 
which was directly Swern oxidised and desulfonised with alu- 
minium amalgam to yield the ketone 42 in 73 % overall yield. 
The final steps to the penta-THF 12 are shown in Scheme 10. 


42 
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Scheme 10. Synthesisofthepenta-THF l 2 ( R  = TBDPS = tBuPh,Si): a) NaBH,. 
M e 0 H . d ~ :  50/50, YY’Y’; b) p-TsC1, py,20”C, X I  % : c )  H,, Pd/C. Me0H:d) N a H ,  
THF, 50’C. 2 h,  two steps, 23%. 


NaBH, reduction (42 -43) followed by tosylation of the result- 
ing alcohols (1 : 1 cpimeric mixture) gave the corresponding to- 
sylates. A subsequent benzyl ether cleavage provided the 
starting materials for the key Williamson reaction, the corrc- 
sponding hydroxytosylates. Reaction of the latter with NaH in 
THF gave, after chromatography, the pentacylic product 12. 
The ‘H and 13C NMR spectra of 12 showed the characteristic 
half set of signals reflecting its C,  symmetry. Unfortunately, no 
stercoselective reaction could be accomplished in the first ke- 
tone reduction step. The epimeric by-product had to be separat- 
ed from the final product by chromatography. 
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Conclusions 


An efficient synthetic approach to  bis-, tetra- and penta-THFs 
has been described. The combination of Sharpless dihydroxyla- 
tion and multiple Williamson reaction has been developed as a 
kcy sequence for the construction of the oligo-THF skeleton. 
The coupling of a T H F  aldehyde with a THF sulfone is suitablc 
for the synthesis of larger oligo-THFs. The concept of substrate 
control, which worked well in the di-, and tri-THF systems,r211 
has unfortunately failed so far in the penta-THF casc. Reagent 
control was necessary to direct the introduction of new stereo- 
centres (e .g . ,  38 + 39). The work presented here should have 
great impact on the synthesis of annonaceous acetogenins and 
other polyether natural products with an oligo-THF structure. 
The field of artificial ion channels based on polyether structurcs 
should benefit from these results in the same way. 


Experimental Section 


General methods: All temperatures quoted are uncorrected. Melting points: 
Tottoli apparatus (Buchi). Elemental analyses: Anaiytik-Servicelabor Mar- 
burg, CHN-Rapid (Heracus). Thin-layer chromatography (TLC): Merck 
silica gel 60 on glass plates with fluorescence indicator F-254; detection by 
UV irradiation and/or heat-gun treatment with 8 % phosphomolybdic acid in 
ethanol. HPLC: Merck LiChroGraph L-6200, L-4200 UViVis detector 
(i = 254 nm). D-2500 chrornato-integrator, column: Merck Supersphere 
Si 60 (280-4). Optical rotations: Polarimeter 241 (Perkin Elmer). IR :  Interfer- 
ometer Bruker 1FS88. NMR:  Bruker AT200, AC-300, WH400, AMX-800. 
Column chromatography (CC): Merck silica gel 60 (70 -200 mesh. ASTM). 
Dry solvents [petroleum ether (PE), diethyl ether (Et,O), ethyl acetate 
(AcOEt), methyl fert-butyl ether (MTBE)]: all solvents used for the Grignard 
reiictions were dried and handled under argon; T H F  was predried with KOH, 
distilled from LiAIH,, then from sodium/benzophenone; Et,O was predried 
with CaCI, and distilled from sodium/benzophenone; CH,CI, was distilled 
from CaH,, MeOH from Mg(OMe),. acetone from P,O,,,, and toluene from 
sodiumibenzophenone. Boiling range of PE: 40- 60 '  C.  


(2S,9S)-1,2-9,10-Bis-O-isopropylidene-5-decyne-l,2,9,10-tetraol (14): A solu- 
tion of nBuLi in hexane (1.4 M, 21.4 mL, 30.0 mmol) was added at - 78 ' C to 
NH, (100mL) .  The reaction mixture was warmed to -33°C and lithium 
acetylide ethylenediamine complex (2.3 g, 28.0 mmol) was added. After stir- 
ring for 8 min bromide 13 (11.Og; 52.6mmol) was added. The reaction 
mixture was stirred for 3 h and the NH, was allowed to evaporate. MTBE 
(70 mL) and saturated aqueous NH,CI solution (60 mL) were successively 
added to the residue. The aqueous phase was extracted with MTBE 
(2 x 50 mL) .  The combined organic layers werc washed with a saturated 
aqueous NaCl solution (80 mL) and dried with MgSO,. The solvent was 
eLnporatcd i n  vacuo. The residue was purified by CC (80 g of silica gel) with 
petroleum ether:MTBE (611) to give alkyne 14 (2.89 g, 10.3 mmol, 41 "%) as 
a colourless liquid. TLC (petroleum ether/MTBE, 1011): R, = 0.13; [ZIP = 
- 9.Y, [ c L ] ~ : ~  =-20.3, [ x ] : : ~  =-11.1, [a]::, =-15.3, =-16.7 ( c =  
2.13. CHCI,); IR (neat): 5 = 2986, 2937, 2871, 1380, 1369, 1245, 1215, 1157, 
1074cm~- ' ;  ' H N M R  (300 MHz, CDCI,): 6 =1.34 (5, 6H. acetonide CH,). 
1.39 (s. 6H,  acetonide CH,), 1.63-1.84 [m. 4H,  C(3) and C(8)], 2.22- 2.28 
[m. 4H.  C(4) and C(7)], 3.56 [t, .I =7.4,2H,  C(1) and C(lO)], 4.07 [dd, .I =7.X 
and 6.1, 2H. C(l)  and C(l0)l. 4.13 4.22 [m, 2H, C(2) and C(9)l; I3C NMR 
(75 MHz, CDCI,): 6 = 18.3 [C(4) and C(7)], 28.6 and 26.9 (acetonide CH,). 
33.0 [C(3)  and C(8)], 69.1 [C(l) and C(lO)], 74.9 [C(2)  and C(9)l. 79.5 [C(5) 
and C(6)] ,  108.6 (acetal); C,,H,,>O, (282.38): calcd C 68.06, H 9.28; found 
c' 67.96. H 8.90. 


(2S,9S)-I ,2-9,10-Bis-O-isopropylidene-5-decene-l ,2,9,10-tetraol (15): Na in 
sinall pieces (200 mg, 8.7 mmol) was added to a stirred solution of alkyne 14 
(2.0 g, 7.1 mmol) in NH, (20 mL) and T H F  (20 mL) at -33 'C. Aftcr 20 min. 
more Na (200 mg) was added and the colour of the solution turned deep blue. 
Solid NH,CI was added cautiously until the blue colour disappeared. The 
NH, was allowed to evaporate and a saturated aqueous NH,CI solution 


(30mL) was added. The aqueous phase was extracted with MTBE 
(2 x 30 mL). The combined organic layers were washed with ;I saturated 
aqueous NaCl solution (50 mL) and dried with MgSO,. The solvent was 
evaporated and the residue was purified by CC (Jog of silica gel) with 
petroleum ether/MTBE (5/1) to yield alkene 15 (1.8 g, 6.3 mmol, 90%) as a 
colourless liquid. TLC (petroleum etheriMTBE, 5 : l ) :  R, = 0.50; [a13 = 


3.38. CHCI,): IR (neat): 3 = 2986, 2935, 2867, 1378, 1369. 1249, 1215, 1157, 
1066 cm- I ;  ' H N M R  (300 MHz, CDCI,): 6 =1.28 (s, 6 H ,  acetonide CH,), 
1.34 (s, 6H, acetonide CH,), 1.41-1.71 [m, 4H. C(3) and C(8)]. 1.90-2.11 
[m, 4H,  C(4) and C(7)], 3.38-3.46 [m, 2H,  C(1) and C(lO)], 3.93-4.05 [m. 
4 H ,  C(1), C(10), C(2) and C(9)], 5.36-5.40 [m, 2H,  C(8) and C(6)]; I3C 
NMR (75 MHz, CDCI,): 6 = 28.8 and 26.9 (acetonide CH,), 28.7 [C(4) and 
C(7)], 33.6 [C(3) and C(S)], 69.4 [C(l) and C(lO)], 75.6 [C(2) and C(9)], 108.6 
(acetnl), 129.9 [C(5) and C(6)l; C,,H,,O, (284.40): calcd C 67.57. H 9.92: 
found C 67.67, H 10.21. 


+22.1, [a];Sa = +23.0. b]::, = +25.7, [z]::~ = f46.0, [z]::~ = +72.8 (c = 


(2S,5R,6R,9S)-1,2-9,10-Bis-O-isopropylidenedecane-1,2,5,6,9,lO-hexaol (16): 
Methanesulfonamide (100 mg, 1 .O mmol) and alkene 15 (284 mg, 1.0 mmol) 
were successively added to a magnetically stirred suspension of AD-mix-p 
(1.40 g) in [BuOH (5 m L )  and H,O ( 5  mL) at 0 "C. The reaction mixture was 
slowly warmed to room temperature and stirred for 12 h. After this time, 
Na,S,O, (1.5 g) was added. The reaction mixture was stirred for 0.5 h, 
AcOEt(10 mL) was added and the phases were separated. The aqueous phase 
was extracted with AcOEt (2 x 10 mL). The combined organic layers were 
washed with dilute aqueous NaOH (20 mL) and with a saturated aqueous 
NaCl solution (20 mL). After drying with MgSO,, the solvent was evaporat- 
ed and the residue was purified by CC (15 g of silica gel) with petroleum 
ether/AcOEt (1/3) to give a 9.1 mixture of diols 16 and 17 (310mg, 
0.97 mmol, 97%). TLC (petroleum ether/AcOEt, 113): R, = 0.11, [XI? = 


+26.8, b]?,y8 = +28.1, [E]:!, = +32.2, [a]:!, = +58.6, [3]:g5 = +86.0 
(c = 1.068, CHCI,); 'H NMR (300 MHz, CDC1,): b = 1.29 (s, 6H.  acetonide 
CH,), 1.34 (s, 6 H ,  acetonidc CH,), 1.38-1.78 [m, 8H.  C ( 3 ) .  C(4). C(7) and 
C(8)], 1.36 (d, J = 8 . 3 ,  2H,  OH),  3.46 [ t ,  J = 7 . 1 ,  2H. C(1) and C(l0)l. 
3.97-4.10 [m. 6H,  C(1), C ( 2 ) ,  C(5), C(6), C(9) and C(l0)J; I3C NMR 
(75 MHz, CDC1,): 6 = 25.6 (acetonide CH,), 26.8 (acetonide CH,), 29.5 and 
29.X [C(3 ) ,  C(4), C(7) and C(S)], 69.3 [C(1) and C(10)I. 74.1 [C(2) and C(9)], 
76.1 [C(5)  and C(6)], 108.9 (acetal); C,,H,,O, (318.41): calcd C 60.35. H 
9.80; found C 60.48, H 9.72. 


(2S,SS,6S,9S)-1,2-9,lO-Bis-O-isopropylidenedecane-l,2,5,6,9, ltl-hexdol (1 7) : 
Methanesulfonamide ( 1  00 mg, 1 .0 mmol) and alkene 15 (284 mg, 1 .0 mmol) 
were successively added to a magnetically stirred suspension of AD-mix-r 
(1.40 g)  in tBuOH ( 5  mL) and H,O ( 5  mL) at 0°C. The reaction mixture was 
slowly warmed to room temperature and stirred for 12 h. Na,S,O, (1.8 g) 
was added. The reaction mixture was stirred for 0.8 h. AcOEt (10 mL) was 
added and the phases were separated. The aqueous phase was extracted with 
AcOEt (2 x 10 mL). The combined organic layers were washed with dilute 
aqueous NaOH (20 mL) and with saturated aqueous NaCl (20 mL). After 
drying with MgSO,, the solvent was evaporated and the residue was purified 
by CC (15 g of silica gel) with petroleum etheriAcOEt (113) to give a 9 : l  
mixture of diols 17 and 16 (269 mg, 0.84 mmol, 84%) .  TLC (petroleum 
ether/AcOEt, 1/31: R, = 0.11; [ZIP = - 2.3, [z]::~ = - 2.2. [x]:: ,  = - 2.2. 
[LX]~;~, = -1.1. = +2.2 (c =1.43, CHCI,); ' H N M R  (300 MHz. CD- 
C13): 6 =1.29 (s. 6H,  acetonide CH,), 1.35 (s, 6 H ,  acetonide CH,), 1.50- 
1.72 [m? 8H.  C(3) .  C(4). C(7) and C(8)]. 3.35- 3.41 (m, 2H,  OH), 3.47 [t. 
J=7.4.21-1,C(l)and C(l0)].3.95-4.11 [m,6H,C(l) ,C(2) ,C(S) ,C(6) .C(9)  
and C(IO)]; I3C NMR (75 MHz, CDCI,): 6 = 28.6 and 26.9 (acctonide 
CH,), 29.9 and 30.0 [C(3) ,  C(4), C(7) and C(8)], 69.4 [C(I)  and C(lO)], 74.2 
[C(2) and C(9)], 76.0 [C(5) and C(6)], 108.9 (acetal); CIl,H,,O, (318.41): 
calcd C: 60.38, H 9.50; found C 60.63, H 9.68. 


1:l Mixture of 16 and 17: NMO (400 mg, 3.4 mmoi) and K,OsO, (10 mg. 
0.03 mmol) were added successively to a magnetically stirred solution of 
alkene 15 (284 mg, 1.0 mmol) in acetone (4 mL) and H,O (2 mL). After 
stirring for 12 h the solution was diluted with H,O (10 mL) and extracted 
with AcOEt (3  x 10 mL). The combined organic layers were washed with 
saturated NaHSO, solution (10 mL) and with saturated aqueous NaCl 
(10mL). After drying with MgSO,, the solvent was evaporated and the 
residue was purified by CC (15 g of silica gel) with petroleum ether,AcOEt 
(113) to give a 1 : l  mixture ofdiols 16 and 17 (318 ing, 1.0 mmol. 99%). TLC' 
(petroleum ether/AcOEt, 1/3): R, = 0.11; ' H N M R  (300 MHz, CDCI,): 
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S =1.28 (s, 6H,  acetonide CH,), 1.34 (s, 6H, acetonide CH,), 1.38--1.74 [m, 
XH, C(3) ,  C(4), C(7) and C(8)], 3.34-3.40 (m, 2H, OH), 3.43--3.52 [ni, 2H. 
C(1) and C(10)l. 3.95-4.10[m, 6H,  C(1), C(2), C(5), C(6), C(9), and C(lO)]: 
I3C NMR (75 MHz, CDCI,): 6 = 25.6 and 26.8 (acetonide CH,), 29.6, 29.8 
and 29.9 [C(3). C(4). C(7) and C(8)l. 69.2 and 69.3 [C(l) and C(lO)], 74.1 
[C(2) and C(9)], 75.9 and 76.1 [C(5) and C(6)], 108.9 (acetal), C,,H,,O, 
(318.41): calcd C 60.35, H 9.50: found C 60.26, H 9.50. 


(All-S)-S,S'-bis-( (tcrt-butyldiphenylsil~xy)-methyl~-octahydro-~2,2'~-bisfuran 
(20): TsCl(1.52 g, 8.0 mmol) and pyridine (3 mL) were added to a magnetical- 
ly stirred solution of diol 16 (309 mg, 0.97 mmol) in CH,CI, ( 5  mL) at 0°C. 
After stirring for I h the reaction mixture was warmed to room temperature, 
stirred for a further 12 hand then diluted with CH,C1, (10 mL). H,O (1 mL) 
was added and the mixture was stirred until TsCl could no longer be detected 
by TLC. To this mixture was added H,O (10 mL). The mixture was acidified 
with diluted HCI to pH 4. The phases were separated and the aqueous phase 
was extracted with MTBE (2 x 20 mL). The combined organic layers were 
washed with a saturated aqueous NaHCO, (20 mL) solution and with a 
saturated aqueous NaCl solution (20 mL). After drying with MgSO, the 
solvent was evaporated and the residue was purified by CC (15 g of silica gel) 
with PE/MTBE ( l / l )  to give the corresponding ditosylate as a colourless 
liquid (508 mg, 0.81 mmol, 83%). This was dissolved in HOAc (20 mL) and 
H,O (2 mL). After stirring for 5 h at room temperature the solvents were 
evaporated in vacuo. The crude tetrahydroxy ditosylate 18 was taken up in 
THF (10 mL) and a suspension of80% NaH in paraffin (120 mg) was added 
at 0 "C. The reaction mixture was warmed to 45 "C and stirred for 2 h. After 
cooling to room temperature HOAc (15 mL) was added cautiously. The 
solvents were evaporated in vacuo. The residue was azeotropically distilled 
twice with toluene (10 mL) to remove the traces of HOAc. CC (10 g of silica 
gel) with CHCI,/MeOH 5/1 yielded the hydrophilic di-THF 8 (140 mg, 
0.69 mmol, 71 %), which was transformed to the lipophilic his-TBDPS ether 
20 for characterisation: di-THF 8 (77 mg, 0.1 7 mmol) was dissolved in D M F  
(3 mL). To this solution was added imidazole (30 mg, 0.44 mmol) and TBDP- 
SCI (0.15 mL, 0.55 mmol). The reaction mixture was stirred for 3 h and 
diluted with MTBE (10mL) and a saturated aqueous NH,CI solution 
(10 mL). The aqueous phase was extracted with MTBE (2 x 10 mL), and the 
combined organic layers were washed with saturated aqueous NaCl(l5 mL). 
After drying with MgSO,, the solvent was evaporated. The residue was 
purified by CC (15 g of silica gel) with petroleum ether/MTBE (10/1) to give 
the bis-TBDPS ether 20 (104 mg, 0.15 mmol, 89%) as a colourless oil. TLC 
(petroleum ether/MTBE, 10/1): R, = 0.33: [CL];' = - 3.2, [cL]& = - 3.2, 
[ti]:& = - 4.3, [ x ] : : ~  = - 8.6, [ti]::, = -12.8 (c = 0.93, CHCI,); IR (neat): 
ij = 2957, 2930, 2857, 1472, 1427, 1111, 1007. 999, 823, 741, 702, 611, 
505 cm- ' ;  ' H N M R  (300 MHz. CDCI,): 6 =1.01 (s, 18H, C(CH,),), 1.60- 
2.07 [m, XH, C(3), C(3'), C(4) and C(4')J. 3.58 (dd, J=10.3 and 5.9, 2H,  
CHH-OTBDPS), 3.69 (dd, J = 10.3 and 4.3,2H, CHH-OTBDPS), 3.83-3.90 
[m, 2H,  C(2), C(2')], 4.06-4.12 [m, 2H, C(5) and C(S)], 7.30-7.40 (m, 12H, 
Ph), 7.62-7.70 (m, 8H,  Ph): I3C NMR (75 MHz, CDCL,): f i  =19.1 
(C(CH,),), 26.7 (C(CH,),), 28.2 and 28.4 [C(3), C(3'), C(4) and C(4)], 66.5 
(CH,OTBDPS), 79.6 [C(S) and C ( S ) ] ,  81.8 [C(2) and C(2)], 127.5, 129.4, 
133.7 and 135.6 (Ph); C,,H,,O,Si, (679.06): calcd C 74.29, H 8.02; found C 
74.18, H 8.13. 


(2R,2'R,SS,5'S)-S,S-Bis-l (~er~-butyldiphenylsiloxy)methyl~-octahydro-~2,2'~- 
bisfuran (21): TsCl (1.00 g, 5.5 mmol) and pyridine (5 mL) were added to a 
magnetically stirred solution of diol 17 (138 mg, 0.43 mmol) in CH,C1, 
(5 mL) at O'C. After stirring for 1 h the reaction mixture was warmed to 
room temperature. The reaction mixture was stirred for 12 hand then diluted 
with CH,CI, (10 mL). H,O (1 mL) was added and the reaction mixture was 
stirred until the TsCl could no longer be detected by TLC. To this mixture was 
added H,O (10 mL). The mixture was acidified with dilute HCI to pH 4. The 
phases were separated and the aqueous phase was extracted with MTBE 
(2 x 30 mL). The combined organic layers were washed with saturated 
aqueous NaHCO, (30 mL) and with saturated aqueous NaCl (30 mL). After 
drying with MgSO,, the solvent was evaporated and the residue was purified 
by CC (15g of silica gel) with petroleum ether/MTBE ( l / l )  to give the 
corresponding ditosylate (234 mg, 0.37 mmol, 86%) as a colourless liquid. 
This was dissolved in HOAc (10 mL) and H,O (2 mL). After stirring for 12 h 
at room temperature the solvents were evaporated in vacuo. The resulting 
tetrahydroxy ditosylate 19 was redissolved in THF (10 mL), and a suspension 
of 80 YO NaH in paraffin (1 00 mg) was added at 0 "C. The reaction mixture 
was warmed to 45 "C and stirred for 3 h. After cooling to room temperature, 


HOAc (8 mL) was added cautiously. The solvents were evaporated in vacuo. 
The residue was twice redissolved in toluene (10mL) and concentrated in 
vacuo. CC (10 g of silica gel) with CHCI,/MeOH 5/1 yielded the hydrophilic 
di-THF 9 (51 mg, 0.25 mmol, 68%), which was transformed to the lipophilic 
bis-TBDPS ether 21 for characterisation: di-THF 9 (51 mg, 0.25 mmol) was 
dissolved in D M F  (3 mL). To this solution were added imidazole (255 mg, 
3.75 mmol) and TBDPSCl (0.41 inL, 1.5 mmol). The reaction mixture was 
stirred for 4 h and diluted with MTBE (20 mL) and a saturated aqueous 
NH,CI solution (20mL). The aqueous phase was extracted with MTBE 
(2 x I5  mL) and the combined organic layers were washed with a saturated 
aqueous NaCl solution (20mL). After drying with MgSO,, the solvent was 
evaporated. The residue was purified by CC (30 g of silica gel) with petroleum 
ether/MTBE (10/1) to give the bis-TBDPS ether 21 (153 mg, 0.23 mmol, 
92%) as a colourless oil. TLC (petroleum ether/MTBE. 1011): R, = 0.33: 


( c  = 2.00, CHCI,); IR (neat): 5 = 2997, 2930, 2860, 1472. 1463, 1427. 1106, 
1007,999,804. 741,705,505 cm-'; 'H NMR (300 MHz, CDCI,): b = 1.00 (s, 
18H, C(CH,),), 1.46-1.59 (m, 4H)  and 1.73-1.99 [m, 4H,  C(3), (33'). C(4) 
and C(4)], 3.51 (dd, J=10.2 and 6.6, 2H,  CHH-OTBDPS), 3.68 (dd, 
J = 10.2 and 4.0, 2H, CHH-OTBDPS), 3.68-3.76 [m. 2H,  C(2). C(2')], 3.99- 
4.07 [m, 2 H  (C(5) and C(S')], 7.28-7.36 (m, 12H, Ph), 7.59-7.65 (m. EH, 
Ph); I3C NMR (75 MHz, CDCI,): 6 = 19.2 (C(CH,),), 26.8 (C(CH,),). 27.5 
and 28.1 [C(3), C(3'), C(4) and C ( 4 ) ] ,  66.2 (CH,OTBDPS), 79.6 [C(5)  and 
C(5')]. 82.7 [C(2) and C(2')], 127.5, 129.5,133.7 and 135.6 (Ph); C,,H,,O,Si, 
(679.06): calcd C 74.29, H 8.02: found C 74.36, H 8.23. 


[o(];' = - 8.5,[~]::, = -11.0,[~]:& = -12.5,[~]:!, = -15.5,[0c]:,O, = -19.0 


(4S,5S)-4,5-0-Isopropylidene-1,7-octadiene-4,5-dioI (24) : CuBr . SMe, 
(310 mg, 1.55 mmol) was added to a stirred solution of vinylmagnesium 
chloride in THF (1 M, 155 mL, 155 mmol) at - 30 "C. A deep black colour of 
the reaction mixture resulted. After 5 min a solution of the bisepoxide 22 
(4.6 g, 53.4 mmol) in THF (70 mL) was added over 20 min. Further Co- 
Br.SMe, (310 mg) was added, the temperature was raised to -20 "C and the 
reaction mixture was stirred for 15 min. Then another portion of CuBr'SMe, 
(310 mg) was added, the temperature was raised to 0 "C for 30 min and thcn 
to room temperature for 2 h. The reaction mixture was recooled to O"C, and 
a saturated aqueous NH,CI solution (150 mL) was added cautiously. The 
aqueous phase was extracted with MTBE (3 x 150 mL). The combined organ- 
ic layers were washed with saturated aqueous NaCl (200 mL) and dried with 
MgSO,. The solvent was evaporated, and the residue was purified by CC 
(150 g of silica gel) with petroleum ether/MTBE ( l / l )  to give the diol 23 
(6.45 g, 45.4 mmol, 8 5 % ) ,  which was directly redissolved in DMF (80 mL). 
2.2-Dimethoxypropane (1 5.0 mL, 122 mmol) and p-toluenesulfonic actd 
(190 mg) were added successively at 0 "C .  The reaction mixture was stirred for 
12 h and then partitioned between saturated aqueous NH,CI (300 mL) and 
H,O (200 mL). The aqueous phase was extracted twice with MTBE (200 mL) 
each. The combined organic layers were washed with saturated aqueous NaCl 
(150 mL) and dried with MgSO,. The solvent was evaporated and the residue 
was purified by CC (100 g of silica gel) with petroleum ether/MTBE 30/1 to 
give the acetonide 24 @.log ,  44.5mmo1, 98%) as a colourless oil. TLC 
(petroleum ether/MTBE, 30/1): R, = 0.30; [a]? = - 3.2, [CL];~& = - 3.3, 
[x]:: ,  = - 3.8, [~c]::, = - 6.2, = - 9.9 (c = 1.86, CHCI,); 1R (neat): 
i. = 2986,2934,2866, 1643,1432,1378,1371, 1170,1096,1057,995,915,867, 
838 cm- ' :  'HNMR (300 MHz, CDCI,): b = I 3 9  (s, 6H, acetonide CH,). 
2.29-2.38 [m, 4H,  C(3)  and C(6)], 3.69-3.77 [m, 2H,  C(4) and C(S)] ,  5.07- 
5.16 [in, 4H. C(1) and C(8)], 5.78-5.92 [in. 2H,  C(2) and C(7)); I3C NMR 
(75 MHz, CDCI,): 8 = 27.0 (acetonide CH,), 36.9 [C(3) and C(6)], 79.3 [C(4) 
and C(5)], 108.0 (acetal). 117.2 [C(1) and C(S)], 133.8 [C(2) and C(7)]; 
C,,H,,O, (182.26): calcd C 72.49, H 9.95; found C 72.39, H 9.86. 


(3S,4S)- 1,6-Dibrorno-3,4-0-isopropylidenehexane-3,4-diol(26) : A solution of 
the diolefin 24 (8.55 g, 46.9 mmol) in CH,Cl, (80 mL) was cooled to - 78 "C. 
Ozone-contuining oxygen was bubbled through the solution until it turned 
blue. The reaction mixture was purged with Ar until the blue colour disap- 
peared. Me,S (15 mL) was added and the mixture was allowed to warm to 
room temperature. After stirring for 12 h, the solvent was evaporated in 
vacuo. The residue was dissolved in MeOH (60 mL) and NaBH, (12 g) was 
added in portions over a period of 2 h. The reaction mixture was stirred for 
4 h and was then cooled to 0°C. A saturated aqueous NH,CI solution 
(80 mL) was added, and most of the MeOH was evaporated in vacuo. The 
aqueous phase was extracted with AcOEt ( 5  x 100 mL). and the combined 
organic layers were dried with MgSO,. Concentration in vacuo was followed 
by CC (90 g of silica gel) with AcOEt to give the diol 25 (5.03 g, 26.5 mmol, 
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56%). This was dissolved in CH,Cl, (100 mL) and the solution was cooled 
to 0“C. TsCl(30.2 &,I58 mmol) and pyridine (45 mL) were added. The reac- 
tion mixture was allowed to warm to room temperature and stirred for 12 h. 
Then the mixture was cooled to O‘C, H,O (10mL) was added and the 
reaction mixture was stirred until TsCl could no longer be detected by TLC. 
H,O (80 mL) was added and the mixture was acidified with 1 M HC1 to pH 4. 
The aqueous phase was extracted with CH,CI, (2 x 100 mL) each and the 
combined organic layers were washed with a saturated NaHCO, solution 
(150 mL) and a saturated NaCl solution (150 mL). After drying with MgSO, 
the solvent was evaporated in vacuo. The residue was dissolved in THF 
(100 mL). LiBr (13.7 g, 158 mmol) was added and the reaction mixture was 
heated to reflux for 2 h. Then it was cooled to room temperature and parti- 
tioned between a semi-saturated NH,CI solution (300 mL) and MTBE 
(200 mL). The aqueous phase was extracted with MTBE (2 x 150 mL), and 
thc combined organic layers were washed with a saturated NaCl solution 
(150 mL). Drying with MgSO,, concentration in vacuo and CC (120 g of 
silica gel) with petroleum ether/MTBE (10/1) yielded the dibromide 26 
(5.52 g, 17.5 mmol, 66%) as a colourless oil. TLC (petroleum ether/MTBE, 


- 115.4, [a]& = -169.3 (c =1.32, CHCI,); IR (neat): = 2985, 2934, 1380, 
1255, 1241, 1220, 1090, 1054, 985cin-’; ‘HNMR (300MHz, CDCI,): 
6 -1.36 (s, 6H,  acetonide CH,), 2.03--2.11 [m, 4H,  C(2) and C(5)], 3.44- 
3.58 [m, 4H. C( l )  and C(6)], 3.80-3.84 [in, 2H, C(3) and C(4)]; 13C NMR 
(75 MHz, CDCI,): 6 = 27.2 (acetonide CH,), 29.3 [C(l) and C(6)]. 36.1 [C(2)  
and C(5)l. 78.2 [C(3) and C(4)], 108.9 (acetal); C,H,,Br,O, (316.05): calcd 
C 34.20, H 5.10; found C 34.50, H 5.16. 


i o / i ) :  R, = 0.58; [4;0 = - 60.4, = - 62.7, [4:0q6 = -70.4, [4:&, = 


(All-S)-l,2-9,10-17,18-tris-O-isopropylideneoctadecane-5,13-diyne- 
1,2,9,10,17,18-hexao1 (28): Bromide 13 (8.0 g. 38.3 mmol) was added to a 
magnetically stirred solution of lithium acetylide ethylenediamine complex 
(4.6 g, 50.0 mmol) in NH, (80 mL) at - 33 “C. The reaction mixture was 
stirred for 3 h and then the solvent was allowed to evaporate. MTBE (50 mL) 
and a saturated aqueous NH,C1 solution (30 mL) were successively added to 
the residue. The aqueous phase was extracted with MTBE (2 x 30 mL). The 
combined organic layers were washed with saturated aqueous NaCl(50 mL) 
and dried with MgSO,. Evaporation of the solvent yielded an oily residue. 
This was purified by CC (120 g of silica gel) with petroleum ether/MTBE 
(l0jl) to yield alkyne 27 (4.77 g, 31.0 mmol, 81 YO) as a colourless liquid. 
Alkyne 27 was dissolved in NH, (100mL) and the mixture was cooled to 
- 78’ C. A solution of nBuLi in hexane ( 1 . 5 ~ ~  20 mL) was added with mag- 
nctic stirring. The reaction mixture was allowed to warm to - 33 “C and THF 
(30 mL) and DMSO (30 mL) were added. After addition of the dibromide 26 
(2.21 g, 7.0 mmol) the reaction mixture was stirred for 3 h. The NH, was 
allowed to evaporate and then MTBE (80 mL) and a saturated NH,CI solu- 
tion (80mL) were added. The aqueous phase was extracted with MTBE 
(2 x 50 mL), and the combined organic layers were washed with a saturated 
NaCl solution (80 mL). After drying with MgSO,, the solvent was evaporat- 
ed in vacuo and the residue was purified by CC (100g of silica gel) with 
petroleum etheriMTBE 4/1. The dialkyne 28 was obtained 
liquid (2.20 g, 4.7 mmol, 67%)). TLC (petroleum ether/MTBE, 4jl): R, = 


[ ~ ] : 2 ~  = - 55.5 (c =1.36, CHCI,); IR (neat): i; = 2985, 2935, 2871, 1375, 
1369, 1243, 1216, 1072 cm-’; ‘H NMR (300 MHz, CDCI,): 6 =1.29 (s, 6H,  
ztcetonide CH,), 1.30 (s, 6H,  acetonide CH,), 1.34 (s, 6H,  acetonide CH,), 
1.54-1.79 [m, S H ,  C(3) ,  C(8), C(11) and C(16)], 2.16- 2.34 [m. 8H, C(4), 
C(7), C(12) and C(15)], 3.51 [dd, J = 7 . 0  and 7.8, 2H,  C(1) and C(lS)], 
3.62 -3.70 [m. 2H, C(9) and C(l0)l. 4.01 [dd, J =  6.0 and 7.9, 2H,  C(1) and 
C(lX)]- 4.08-4.16 [m, 2H, C(2) and C(37)]; I3C NMR (75 MHz, CDCI,): 
h = 15.2 and 15.5 [C(5) ,  C(7), C(12) and C(15)], 25.5,26.8 and 27.1 (acetonide 
(‘H,),32.4and33.0[C(3),C(8),C(ll)andC(17)],69.0[C(l)andC(18)],74.8 
[C(2) and C(17)], 79.2 [C(Y) and C(lO)], 79.4 and 79.6 [C(5) ,  C(6). C(13) and 
C(14)], 108.2 and 108.6 (acetal); C27H4206 (462.63): calcd C 70.10, H 9.15; 
found C 69.93, H 9.31. 


0.15; [4p = ~ 24.6, = - 25.4, = - 27.8, = - 42.3, 


(2S,SE,9S,lOS,13E, 17S)-1,2-9,10-17,18-Tris-O-isopropylideneoctadeca-S,13- 
diene-1,2,9,10,17,18-hexaol (29): Small portions of Na (126 mg, 5.48 mmol) 
were added to a magnetically stirred solution of dialkyne 28 (1.16 g, 
2.5 mniol) in  THF (20 mL) and NH, (30 mL) at - 33 “C. After stirring for 
10 min another portion of Na (126 mg, 5.48 mmol) was added and the colour 
of thc reaction mixture turned deep blue. After 5 min NH,CI was added 
cautiously until the blue colour of the mixture disappeared. MTBE (20 mL) 
was added and the NH, was allowed to evaporate. The residue was parti- 


tioned between a saturated NH,C1 solution (30 mL) and MTBE (30 mL). 
The aqueous phase was extractcd with MTBE (2 x 20 mL). The combined 
organic layers were washed with a saturated NaCl solution (20 mL) and dried 
with MgSO,. The solvent was evaporated in vacuo and the residue was 
purified by CC (25g of silica gel) with PE/MTBE to give the diene 29 
(817 mg. 1.75 mmol, 70%). TLC (PE/MTBE, 4/1): R, = 0.44; [XI;’ = - 5.3. 


CHCI,); 1R (neat): i = 2986,2934,2865,1378,1369,1242, 1216,1067 c m - I ;  
‘ H N M R  (300 MHz, CDCI,): S =1.28 (s, 6H) ,  1.30 (s, 6H)  and 1.33 (s, 6H,  
acetonide CH,), 1.42-1.53 (in, 6H) and 1.59-1.71 [m, 2H,  (C(3), C(8), 
C(11) and C(16)], 1.93---2.20 [m. 8H, C(4), C(7), C(12) and C(15)]. 3.43 [t. 
J =7.1, 2H, C(1) and C(18)], 3.49-3.57 [m, 2H,  C(2) and C(17)], 3.91-4.05 
[m. 4H, C(l), C(Y), C(10) and C(18)). 5.36-5.41 [m, 4H. C(5), C(6). C(13) 
and C(14)]; ‘-’C NMR (75 MHz, CDCI,): b = 25.6, 26.8, 27.2, 28.6, 28.9 
[C(3), C(8). C(11), C(16) and acetonide CH,], 32.7, 33.3 [C(4), C(7), C(12) 
and C(15)], 69.3 [C(I) and C(18)], 75.5 [C(2) and C(17)], 80.1 [C(Y) and 
C(lO)], 107.8 (acetal), 108.5 (acetal), 129.7 and 130.0 [C(5) ,  C(6), C(13) and 
C(14)]; C27H4606 (462.63): calcd C 69.49, H 9.49: found C 69.67. H 9.85. 


[XI:;, = - 5.3, [a]::, = - 6.0, [XI::, = - 6.7, [u]::, = - 4.0 (C = 1.50, 


(2S,5R,6R,9S,10S,13R,14R,17S)-1,2-9,10-17,18-Tris-O-isopropylideneoc- 
tadeca-1,2,S,6,9,10,13,14,17,18-decaol(30): AD-mix-P (5.93 g) and methane- 
aulfonamide (371 mg, 3.9 mmol) were added consecutively to a magnetically 
stirred solution of the diaikene 29 (817 nig, 1.75 mmol) in rBuOH (20 mL) 
and H,O (20 mL) at 0 “C. Thc temperature was slowly warmed to room 
temperature and the mixture was stirred for 12 h. Na,S,O, (5.90 g) was 
added. The reaction mixture was stirred for 3 h,  AcOEt (30 mL) was added 
and the phases were separated. The aqueous phase was extracted with AcOEt 
(3 x 30 mL). The combined organic layers were washed with dilute aqueous 
NaOH (40 mL) and with saturated aqueous NaCl (40 mL). After drying with 
MgSO,, the solvent was evaporated and the residue was purified by CC (30 g 
of silica gel) with petroleum ethcr/AcOEt l j5  to give the tetraol 30 (917 nig. 
1.72mmol. 98%) as a colourless oil. TLC (petroleum ether/AcOEt, 1/5): 
R, = 0.31; [a]:” = ~ 5.3 (c =1.50, CHCI,); 1R (neat): i = 3432, 2986, 2935, 
1404. 1381, 1211, 1092, 850, 627cn-I ;  ‘HNMR (300MHz. CDCI,): 
6 =1.29 (s, 6H. acetonide CH,), 1.32 (s, 6H, acetonide CH,), 1.35 (s. 6H.  
acetonide CH,), 1.38-1.82 [m, 16H, C(3) ,  C(4), C(7), C(8). C(11). C(12), 
C(15) and C(16)], 3.35-3.57 [m, 10H, C(1), C ( 5 ) ,  C(6), C(13), C(14), C(18) 
and OH], 3.96-4.09 [m, 6H, C(1). C(2), C(Y), C(10), C(17) and C(18)]; I3C 
NMR (75 MHz, CDCI,): 6 = 25.6, 26.8,27.1, 28.4, 29.4, 29.7and 30.1 [C(3), 
C(4), C(7) ,  C(8), C(11), C(12), C(15), C(16) and 6 x acetonide CH,], 69.3 
[C(I) and C(18)], 74.0 and 74.1 [C(5), C(6), C(13) and C(14)], 76.0 [C(2) and 
C(17)1, 81.0 [C(9) and C(l0)], 108.2 and 108.9 (double intensity, acetal); 
c~~H, ,o , ,  (534.69): calcd c 60.65, H 9.43; found c 60.50. H 9.24. 


(All-S)-5,5”’-bis(hydroxymethyl)hexadecahydro-[ 2,2‘;5’,2”;5”,2”’]-tetrafuran 
(10): TsCl(3.42 g, 17.9 mmol) and pyridine (5 mL) were added consecutively 
to a magnetically stirred solution of the tetraol 30 (600 mg, 1.12 mmol) in  
CH,Cl, ( 5  mL) at 0 “C. The reaction mixture was allowed to warm to room 
temperature and stirred for 12 h. Then the mixture was diluted with CH,Cl, 
(50 mL). H,O (3 mL) was added and the reaction mixture was stirred until 
the TsCl could no longer be detected by TLC. The mixture was acidified with 
diluted HCI to pH 4. A saturated solution of NaHCO, (20 mL) was added 
and the phases were separated. The aqueous phase was extracted with 
CH2C1, (2 x 30 mL), and the combined organic layers were washed with a 
saturated NaCl solution (30 mL). After drying with MgSO, the solvent was 
evaporated in vacuo and the residue was purified by CC (30 g of silica gel) 
with MTBE. The tetratosylate thus obtained was dissolved in HOAc (25 mL) 
and H,O (2 mL). The mixture was warmed to 45 ”C and stirred for 3 h. I t  was 
then cooled to room temperature and stirred for 12 h. The solvent was eviip- 
orated in vacuo to yield the crude hexahydroxy tetratosylate 31. This was 
twice dissolved in toluene (10 mL) and concentrated in vacuo. Then it was 
dissolved in THF (30 inL) and a 80% suspension of NaH (280 mg) in paraffin 
was added. The reaction mixturc was warmed to 40 “C and stirred for 4 h. 
After cooling to room temperature, HOAc (20 mL) was added cautiously. 
The bolvent was evaporated in vacuo. The residue was twice dissolved in  


toluene (10 mL), concentrated in V ~ C U O  and purified by CC (30 g of silica gel) 
with CHClJMeOH 5/1 to give the tetra-THF 10 (191 mg. 0.56 mmol, 56%) 
as a colourless oil. TLC (CHClJMcOH, S i t ) :  R, = 0.30: [a];;” = + 10.6, 


= +11.0, [a]::, = +11.9, [%I::, = +12.4, [a]::s = +4.1 (c = 0.70, 
CHCI,); IR(neat): 3 = 3400,2932,2872, 1369,1260,1213.1189, 1177. 1060, 
957, 854cm-’;  ‘HNMR (300MHz, CDCI,): 6=1.49-1.71 (m, 8H)  and 
1.84-1.95 (m, 8H) [C(3), C(4), C(3‘), C ( 4 ) ,  C(3”), C ( 4 ) ,  C(3“’) and C(4”)] .  
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3.15 (brs, 2 H  OH), 3.42 (dd, J =  5.7 and 11.6, 2H,  CHH-OH), 3.60 
(dd, J =  3.5 and 11.5, 2H,  CHH-OH), 3.79-3.95 [m, 6H,  C ( 5 ) ,  C(2’), 
C(5’), C ( 2 ) ,  C(5“), and C(2”)], 4.02-4.10 [m, 2H, C(2) and C(5”’)I; 
I3C NMR (75 MHz, CDCI,): 6 = 27.5, 28.1, 28.4 and 28.6 [C(3), C(4), 
C(3‘), C(4) ,  C(3”), C ( 4 ) ,  C(3“‘) and C(4”], 64.7 (CH,OH), 79.9 [C(2) 
and C(S’)]. 81.6, 81.9 and 82.1 [C(5), C(2’), C(5’), C(2”), C(5”) and 
C(2”’)J; HRMS (EI - 70 eV): the molecular formula was verified by checking 
the calculated precise mass M =  342.2042 for C18H300, (-+2ppm; 
R =lOOOO). 


(All-S)d,S”’-bis( (tevt-butyldiphenylsiloxy)methyI]hexadecahydr0-[2,2’;S,2”; 
5”,2’”l-tetrafuran (32): The tetra-THF 10 (50 mg, 0.4 mmol) was dissolved in 
DMF (4 mL). TBDPSCI (250 mg, 0.91 mmol) and imidazole (100 mg, 
1.47 mmol) were added successively and the mixture was stirred for 8 h.  Then 
the mixture was partitioned betwcen a half-saturated NH,CI solution 
(15 mL) and MTBE (10 mL). The aqueous phase was extracted with MTBE 
(2 x 10 mL). The combined organic layers were washed with a saturated NaCl 
solution (10 mL) and dried with MgSO,. The solvent was evaporated in 
vacuo and the residue was purified by CC (20 g of silica gel) with PE/MTBE 
4/1 to give the bis-TBDPS ether 32 (109 mg, 0.13 mmol, 95%) as a colourless 
oil. TLC (PEIMTBE, 4/1): R, = 0.37; [z];’ = - 5.2, [a]::, = - 5.4, [a]::, = 


- 6.7, [a]::, = - 14.3, [z]& = - 26.4 (c = 4.05, CHC1,); IR (neat): 
i = 2959, 2930, 2858, 1112, 1085, 703 cm-’; ‘HNMR (300 MHz, CDC1,): 
6 =1.03 (s, 18H, C(CH,),), 1.60-2.09 [m, 16H, C(3) ,  C(4), C(3’), C ( 4 ) ,  
C(3”), C ( 4 ) ,  C(3”’) and C(4”)] ,  3.59 (dd, J = 5.7 and 10.3,2H, CHH-OH), 
3.69 (dd. J = 4.4 and 10.3, 2H, CHH-OH), 3.85-4.00 [m, 6H,  C(5), C(2’), 
C(5’), C(2“),  C(5”) and C(2”‘)], 4.08-4.16 [m, 2H,  C(2) and C(5”’)], 7.31- 
7.39 (m, 12H, Ph), 7.64-7.69 (m, 8H,  Ph); ”C NMR (75 MHz, CDCI,): 
6 =19.2 (C(CH,),), 26.8 (C(CH,),). 27.9, 28.2, 28.4 and 28.4 [C(3), C(4), 
C(3’), C ( 4 ) ,  C(3”), C(4”), C(3”’) and C(4’)], 66.6 ( a , - O H ) .  79.7 [C(2) and 
C(5”’)],81.5, X1.8and 81.9[C(5),C(2’),C(S),C(2”),C(S’)andC(2’”)], 127.6, 
129.5, 133.8 and 135.6 (Ph); C,,H,,O,Si, (819.24): calcd C 73.30, H 8.12; 
found C 73.14, H 8.10. 


(3R,4R)-1,6-Bis(benzenesulfonyl)bexane-3,4-diol (33) : A magnetically stirred 
solution of methyl phenyl sulfone (7.20 g, 46.0 mmol) in T H F  (200 mL) was 
cooled to -78 ”C and a solution of nBuLi ( 1 . 4 ~ ,  50 mL, 69 mmol) in hexane 
was added. Then the diepoxide ent-22 (2.00 g, 23.0 mmol) was added and the 
mixture was allowed to warm to room temperature over 12 h. The mixture 
was partitioned between a saturated aqueous NH,Cl solution (100 mL) and 
AcOEt (1 50 mL). The aqueous phase was extracted with AcOEt (3 x 70 mL). 
The combined organic layers were washed with a saturated aqueous NaCl 
solution (100 mL) and dried with MgSO,. The solvent was evaporated and 
the residue was recrystallised from AcOEt to yield the disnlfone 33 (8.70 g, 
21.9mmo1, 95%). M.p.: 146-147°C; TLC (AcOEt): R, = 0.53; [a];’ = 
t22 .7 ,  = +24.0, [u]& = +27.0, [a]:!, = +45.3, [ L X ] : ~ ,  = +67.7 (C = 
3.00, acetone); IR (neat): = 3445, 1850, 1320, 1290, 1140, 1050, 755, 725, 
600cm-I; ‘HNMR (300MHz, [D,]DMSO): 6 =1.56-1.63 [m, 4H, C(2) 
and C(5)] ,  2.85-2.99 [m, 2H,  C(l) and C(6)], 3.07-3.21 [m, 4H,  C(1), C(6) 
and OH], 3.97 [d, J =  6.4, 2H,  C(3) and C(4)], 7.29-7.45 (m, 6 H ,  Ph), 
7.64-7.67 (m, 411, Ph); I3C NMR (75 MHz, [DJDMSO): 6 = 26.5 [C(2) 
and C(5)], 53.1 [C(1) and C(6)], 71.8 [C(3) and C(4)], 127.8, 129.2, 133.6 and 
139.1 (Ph); C,,H,,O,S, (398.48): cakd C 54.25, H 5.58; found C 54.20, 
H 5.63. 


(3R,4R)-1,6-Bis(benzenesulfonyl)-3,4-bis(benzyloxy)hexane (34) : The diol 33 
(7.00 g, 17.6 mmol) was dissolved in THF (100 mL). To this solution were 
successively added at room tenipcrature NaH (1.70 g, 70.0 mmol) and benzyl 
bromide (9.00 g, 53.0 mmol). After stirring for 12 h H,O (20 mL) was added 
dropwise with caution. The mixture was partitioned between a saturated 
aqueous NH,CI solution (100 mL) and Et,O (100 mL). The aqueous phase 
was extracted with Et,O (2 x 50 mL), The combined organic layers were 
washed with saturated aqueous NaCl (50 mL) and dried with MgSO,. The 
solvent was evaporated and the residue was recrystallised from Et,O (30 mL) 
to afford the disulfone 34 (9.20 g, 16.0 mmol, 91 YO). M.p. (Et,O): 130°C; 
TLC (petroleum ether/Et,O, 1 :  1): R, = 0.20; [XI;” = f33.9, [x]z& = +36.1, 
[a]::, = +40.8, [XI::, = +68.4, = +101.9 (C =1.30, CHC1,); 1R 
(neat): 5 =1450,1300,1290,1150, 1140,1120,1100, 1085,1070, 1055, 1030, 
1020, 745, 685cm-’; ‘HNMR (300 MHz, CDCI,): d =1.73-1.78 [m, 2H,  
C(2) and C(5)], 1.99-2.06 [m, 2H,  C(2) and C(S)], 2.94-3.04 [m, 2H,  C(l) 
and C(6)], 3.11-3.20 [m, 2H. C(1) and C(6)], 3.65-3.68 [m, 2H,  C(3) 
and C(4)], 4.45 (d, J=11.6,  2H,  OCH,Ph), 4.55 (d, J=11.6,  2H,  


OCH,Ph), 7.22-7.36 (m, 11 H, Ph), 7.53-7.70 (m. 5H,  Ph), 7.83-7.86 (m, 
4H,  Ph); I3C NMR (75 MHz, CDCI,): 6 = 22.7 [C(2) and C(5)l. 52.5 [C(1) 
and C(6)], 72.6 (OCH,Ph), 76.7 [C(3) and C(4)], 127.9, 128.5, 129.2, 133.6, 
137.6 and 139.0 (Ph); C,,H,,O,S, (578.74): calcd C 66.41, H 5.93; found C 
66.70, H 5.86. 


(4R,5R,2’S,5’S)-4,5-Bis(benzyloxy)-l,8-bis(5’-rcrr-butyldiphenylsiloxy- 
methyltetrabydrofuran-2’-yll-octan-I,8-dione (36): A solution of nBuLi ( 1 , 4 ~ ,  
4.40 mL, 6.3 mmol) in hexane was added to a magnetically stirred solution of 
r’r,NH (0.51 mL, 3.6mmol) in THF (10mL) at -78’C . After 15niin a 
solution of the disulfone 34 (1.50 g, 2.6 mmol) in THF (50 mL) was added. 
Then a solution of the aldehyde 35 (2.10 g, 5.7 mmol) in THF (50 mL) was 
added and the reaction mixture was allowed to warm to 0°C over 5 h. A 
saturated aqueous NH,CI solution (100 mL) was added, the aqueous phase 
was extracted with Et,O (3 x 50 mL), and the combined organic layers were 
washed with a saturated aqueous NaCl solution (100 mL). After drying with 
MgSO,, the solvent was evaporated in vacuo. The crude dihydroxydisulfone 
thus obtained was subjected to Swern oxidation: DMSO (1.10mL) was 
added at -78°C to a solution of (COCl), (0.68 mL) in  CH,CI, (20 mL). 
After 15 min the mixture was warmed to - 50 ’C and a solution of the 
dihydroxydisulfone in CH,CI, (30 mL) was added. After 30 min Et,N 
(3.60 mL, 26.0 mmol) was added and the mixture was allowed to warm to 
0 “C over 30 min. Then H,O (20 mL) and a saturated aqueous NH,CI solu- 
tion (50 mL) were added successively. The aqueous phase was extracted with 
CH,Cl, (3 x 20 mL). The combined organic layers were washed with a satu- 
rated aqueous NaCl solution (50 mL) and dried with MgSO,. The solvent 
was evaporated to yield the crude diketodisulfone. This was dissolved in 
THFInPrOH (5/l, 60 mL), and freshly prepared aluminium amalgam was 
added until TLC indicated full conversion of the starting material. The reac- 
tion mixture was filtered over Celite. The Celite plug was washed with Et,O 
(100 mL) and the combined filtrates were concentrated in vacuo. CC (20 g of 
silica gel) with petroleum ether/Et,O 2/1 afforded the diketone 36 (1.10 g, 
1.10 mmol, 42%) as a colourless oil. TLC (petroleum ether/AcOEt, 411): 


= -18.0 (c = 2.50, CHCI,); IR (neat): i = 2955, 2930, 2890, 1715, 
1430, 1115, 1085, 1005, 740, 700cm-I; ‘HNMR (300MHz, CDCI,): 
6 = 1.08 (s, IXH, C(CH,),), 1.72-1.99 [m, 12H, C(3), C(6), C(3’) and C(4)], 
2.49-2.60 [m, 2H,  C(2)], 2.65-2.74 [m, 2H,  C(2) and C(7)], 3.55-3.58 [m, 
2H,  C(4) and C(5)], 3.66-3.72 (m, 4H,  CH,OTBDPS), 4.20-4.23 [m. 2H, 


J=11.6,  2H,  OCH,Ph), 7.16-7.40 (m, 24H, Ph), 7.69-7.70 (m, 6H. Ph); 
I3C NMR (75 MHz, CDCI,): 6 =19.4 [C(CH,),), 23.4 (C(3) and C(6)], 26.9 
(C(CH,),), 27.6 and 29.3 [C(3‘) and C(4‘)], 34.2 [C(2) and C(7)], 66.2 
(CH,OTBDPS), 72.6 (OCH,Ph), 79.0, 80.9 and 84.0 [C(4), C(5) ,  C(2)  and 
C(5‘)], 125.4, 127.7, 127.8, 128.0, 128.3, 128.4, 129.1, 129.8, 133.6, 133.7, 
135.7, 135.8 and 138.8 (Ph), 212.3 (C=O); C,,H,,O,Si, (1031.52): calcd C 
74.52, H 7.64; found C 74.36, H 7.66. 


R, = 0.62; [CZ];’ = - 0.8, = -~ 1.2, [ u ] ~ Z ~  = - 1.6, [a];!, = - 6.0, 


C(5‘)],  4.34 [t, J =7.2, 2H,  C(2’)], 4.49 (d, J =11.6, 2H,  OCH,Ph), 4.65 (d, 


(1S,4R,5R,8S,2’S,5’S)-4,5-bis(benzyloxy)-l,S-bis(5’-ze~r-butyldiphenyl- 
siloxymethyltetrahydrofuran-2’-yl)octan-l,S-diol (37): A solution of L-selec- 
tride (1 M, 1.10 mL, 1.10 mmol) in T H F  was added to a magnetically stirred 
solution of the diketone 36 (0.37 g, 0.36 mmol) in THF (20 mL) at -78 “C. 
After 5 min a saturated aqueous NH,CI solution (30 mL) and Er,O (50 mL) 
were added. The aqueous phase was extracted with Et,O (2 x 30 mL). The 
combined organic layers were washed with a saturated aqueous NaCl solu- 
tion (30 mL) and dried with MgSO,. The solvent was evaporated and the 
residue was purified by CC (15 g of silica gel) with petroleum ether/Et,O ( l / l )  
to yield the diol 37 (0.37 g, 0.35 mmol, 99%) as a colourless oil. TLC 
(petroleum ether/AcOEt, 2/1): R, = 0.49; [a lp  = 0, [a]::, = 0, [z]:!~ = 0, 
[cc]::, = - 0.8, [a]:& = - 36.0 (C = 2.50, CHCI,); IR (neat): i = 3404,2960, 
2930, 2860, 1470, 1455, 1430, 1360, 1335, 1200, 1115, 1030, 1005, 995, 740. 
700cm-I; ‘HNMR(300MHz,CDCI3): 6=1.09(s, 18H,C(CH,),), 1.22- 
2.03 [m, 16H, C ( 2 ) ,  C(3), C(6), C(7), C(3’) and C(4)]. 2.40 (brs, 2H,  OH),  
3.32-3.42 (m, 2H) and 3.50-3.58 (m, 2H) [C(l), C(4), C(5) and C(8)], 3.69 
(d, 4H. CH,OTBDPS), 3.78-3.84 (m, 2H) and 4.11 -4.14 [m, 2H,  C(2’) and 


7.28-7.47 (m, 22H, Ph), 7.68--7.76 (m, XH, Ph); I3C NMR (75 MHz, CD- 
Cl,): 6 =19.3 (C(CH,),), 26.8 (C(CH,),), 27.0, 28.2, 28.5, and 30.1 [C(2), 
C(3), C(6). C(7), C(3‘) and C(4‘)], 66.4 (CH,OTBDPS). 72.8 (OCH,Ph), 74.3 
[C(1) and C(8)], 79.5,80.8 and 82.8 [C(4), C(5), C(2’) and C(5’)l. 127.5, 127.6. 
228.0, 128.3, 129.6, 133.6, 133.7, 135.6, 135.7 and 138.8 (Ph); C,,H,,O,Si, 
(1035.65): calcd C 74.22, H 8.00; found C 74.32, H 8.14. 


C(5’)]. 4.57 (d, J=11.5,  2 H ;  OCH,Ph), 4.68 (d, J=11.5,  2H, OCH,Ph), 


~ ~~ 
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(2~,SS,2’R~~’R,2’’~,5”R,t”’S,5”’S)-5,S”‘-bis(~~r~-butyldipheny1siloxy- 
methyl)-hexadecahydro-~2,2’;5’,2”;5”,2”’]-tetrafuran (11) : TsCl (0.70 g, 
3.7 nimol) and pyridine (0.45 mL) were added to a solution of the diol 37 
(0.95 g, 0.90 mmol) in CH,CI, (20 mL). The mixture was stirred for 12 h and 
then H,O (10mL) was added. After stirring for 10min the mixture was 
partitioned betwecn a saturated aqueous NH,CI solution (30 mL) and Et,O 
(50 mL). The aqueous phase was extracted with Et,O (2 x 30 mL). The com- 
bined organic layers were washed with a saturated aqueous NaCl solution 
(30 mL) and dried with MgSO,. The solvent was evaporated and the residuc 
was purified by CC (15 g of silica gel) with petroleum ether/Et,O (2/1) to 
afford the corresponding ditosylate (0.62 g. 0.46 mmol, SO%). This ditosylate 
(0.1 5 g, 0.1 1 mmol) was dissolved in THF (5 mL) and MeOH (25 mL). Palla- 
dium on carbon (10%. 10 mg) was added. The flask was evaporated and filled 
with hydrogen gas (a balloon was fixed to the apparatus to maintain hydro- 
gen atmosphere). The reaction mixture was stirred for 6 h. The PdlC was 
removed by filtration through a pad of Celite. Evaporation of the solvent 
from the filtrate gave the crude dihydroxy ditosylate, which was purified by 
Cc‘ (10 g of silica gel) with petroleum ether/Et,O (1/3) to give the dihydroxy 
ditosylate (0.1 1 g, 0.093 mmol, 85%). This product (50 mg, 0.043 mmol) was 
disnolved in THF (15 mL). NaH (5.0 mg, 0.22 mmol) was added and the 
mixture was stirred for 2 h at 40°C. After cooling to 0°C H,O (5 mL) was 
added. The mixture was partitioned between a saturated aqueous NH,CI 
solution (10 mL) and Et,O (10 mL). The aqueous phase was extracted with 
Et,O (3 x 10 mL). The combined organic layers were washed with a saturated 
aqueous NaCl solution (30 mL) and dried with MgSO,. The solvent was 
evaporated in vacuo and the residue was purified by CC (10 g of silica gel) 
with petroleum etheriEt,O 2: l  to afford the tetra-THF 11 (35 mg, 
0.032 inmol, 74%) as a colourless oil. TLC (petroleum ether/AcOEt, 4/1): 
R, = 0.51; [XI;’ = +2.5, [E]::~ = +2.5, ’[E]::~ = + 3 . 1 ,  [XI:! ,  = +7.5, 
[ x ] : : ~  = +12.5 (c  =1.60, CHCI,); IR (neat): 5 = 2960, 2930, 2860, 1430, 
1110, 1065. ROO, 740, 705cm-’; ‘HNMR (300MHz, CDCI,): 6 =1.03 (s. 
18H. C(CH,),) .  1.63-2.07 [m, 16H. C(3) ,  C(4). C(3’). C(4‘). C(3”). C ( 4 ) .  
C(3”‘) and C ( 4 ) ] ,  3.58 (dd, J =  5.4 and 10.4, 2H,  CH,OTBDPS), 3.64 (dd, 
J = 4.6 and 10.5. 2H,  CH,OTBDPS), 3.82-3.91 [m, 6H. C(2) ,  C(2’). C(5’), 
C(2”). C(5”) and C(2’”)], 4.06-4.12 [m, 2H,  C(5) and C(S”)], 7.32 7.42 (m, 
12H. Ph), 7.64- 7.69 (m, XH, Ph); 13C NMR (75 MHz, CDCI,): 6 =19.2 
(C’(CH3),)- 26.8 (C(CH,),), 27.8, 28.Z28.7. 29.0. and 29.6 [C(3), C(4), C(3‘), 
C ( 4 ) .  C(3”), C(4) .  C(3”’) and C ( 4 ) ] ,  66.4 (CH,OTBDPS), 79.6, 81.6, 81.8 
and 81.9 [C(2), C(5). C(2‘), C(5’), C(2”), C(5”), C(2”’) and C(5”’)], 127.5, 
129.5, 133.7 and 335.6 (Ph); C,,H,,O,Si, (819.28): calcd C 73.30, H 8.14; 
found C 73.33. H 8.18. 


(All-S)-(S-(5’-tc~~r-butyldiphe11ylsiloxymethyltetrahydrofuran-2’-yl)-Z-( 1”-hen- 
zyloxy-3”-buten-l”-yl)~-tetrahydrofuran (39) : A solution of allylmagnesium 
bromide (1 M, 3.24 mL, 3.24 mmol) in Et,O was added to a solution of ( - ) - B -  
melhoxydiisopinocampheylborane (1  .OO g, 3.24 mmol) in THF (30 mL) at  
- 78°C. After stirring for 15 min, the reaction mixture was warmed to room 
tcmperaturc over 1 h. Then the rcaction mixture was cooled to -78 C and 
a solution of the aldchyde 38 (1.20 g. 2.70 mmol) in THF (20 mL) was added 
dropwise. The mixture was stirred for 2 h and then warmed to room temper- 
ature. Aqueous solutions of NaOH ( 3 ~ ,  2.70 mL, 8.00 mmol) and H,O, 
(30%, 1 .SO mL) were added successively. The resulting mixture was stirred 
for 15 min and then partitioned between a saturated NH,CI solution (60 mL) 
and Et,O (60 inL). The aqueous phase was extracted with Et,0 (3 x 30 mL). 
The combined organic layers were washed with a saturated NaCl solution 
(X0 mL) and dried with MgSO,. The solvent was evaporated in vacuo and the 
residue was purified by CC (20 g of silica gel) with petroleum ether/ Et,O 2/1 
to give a 85:15 mixture of the diastereomeric homoallylic alcohols (0.95 g. 
2.00 mmol, 75%). These were dissolved in THF (30 mL). NaH (0.19 g. 
7 90 mmol) and beiizyl bromide (0.69 g, 4.00 mmol) were added and the 
mixture was stirred for 6 h at 45 T. After cooling to 0 C, H,O (5 mL) was 
added cautiously and the mixture was partitioned between a saturated NH,CI 
solution (30 mL) and Et,O (40 mL). The aqueous phase was extracted with 
Et,O (3 x 30 mL) and the combined organic layers were washed with a satu- 
rated NaCl solution (40mL). After drying with MgSO, the solvent was 
evaporated and the residue was purified by CC (50g of silica gel) with 
petroleum ether/Et,O (1011) to yield the benzyl ether 39 (0.82 g, 1.43 nimol. 
72%) as a colourless oil. TLC (petroleum ethcr/Et,O, 10/1): R,  = 0.08: 
[XI? = - 9.5. [a]:& = ~ 10.2, [N]& = -11.7, [ x ] ; ; ~  = - 22.2, [ E ] ; ; ; ~  = 


~ 38.5 (c = 1.20, CHCI,); IR (neat): i = 2960, 2930, 2890, 1430, 11 15, 1070, 
740, 700cm.-’: ‘HNMR (300 MHz, CDCI,): 6 =1.04 (s, 9H, C(CH,),) ,  
1.64-1 94 [m, 8H, C(3), C(4), C(3’) and C(4‘)], 2.22-2.40 [m. 2H. C(2”)]. 


3.42-3.48 [m, 1 H, C(1”)I. 3.62 (dd, J =  5.5 and 10.3, 1 H) and 3.70 (dd, 4.4 
and 10.3, 1 H )  (CH,OTBDPS), 3.89-3.95 (m, 2H) and 4.07-4.19 (m. 2H) 
[C(2),C(5),C(2’)andC(5’)],4.62(d,J=11.8,1H)and4.68(d,J=11.8,1H) 
(OCH,Ph), 5.00 -5.12 [m. 2H,  C(4) ] ,  5.82-5.96 [m, 1 H, C(3”)]. 7.29-7.37 
(m, 11 H. Ph), 7.65-7.69 (m, 4H, Ph); I3C NMR (75 MHz, CDCI,): b = 19.4 
(C(CH,),), 27.0 (C(CH,),). 28.1, 28.5 (2C), 28.6 [C(3) .  C(4), C(3’) and 
C ( 4 ) ] ,  35.6 [C(2“)], 66.8 (CH,OTBDPS), 12.7 (OCH,Ph), 80.0, 81.0, 81.4, 
81.8aiid81.9[C(Z),C(5), C(2‘), C(S’)andC(l”)], 116.7[C(3”)], 134.O(C(4)],  
127.5, 127.8, 128.0, 128.3, 129.7, 133.8. 135.7, 135.8 and 139.3 (Ph): 
C,,H,,O,Si (819.24): calcd C 75.74, H 8.14: found C 75.85. H 7.92. 


(All-S)-Phenyl-[3-benzyloxy-3-{ 5’-(5”-ter?-butyIdiphenylsiloxyrnethyltetrahy- 
drofuran-2”-yl)-tetrahydrofuran-2’-yI~propyl~sulfone (41): A solution of the 
alkcne 39 (0.21 g, 0.36 mmol) in CH,CI, (20 mL) was cooled to -78’C. 
Ozone-containing oxygen was bubbled through the solution until its colour 
turned to blue. The reaction mixture was purged with N,, PPh, (0.15 g. 
0.57 mmol) was added, and the mixture was allowed to warm to room tem- 
perature over 1 h. The solvent was evaporated and the residue purified by CC 
(55 g of silica gel) with petroleum ether/Et,O to afford the corresponding 
aldehyde (0.20 g, 0.35 mmol, 97%). This aldehyde (0.57 g, 1.0 mniol) was 
dissolved in McOH (40 mL), NaBH, (40 nig, 1.0 mmol) was added and the 
reaction mixture was stirred for 30min. Then H,O (20mL) and Et,O 
(60mL) were added. The aqueous phase was extracted twice with Et,O 
(20 mL) each. The combined organic layers were washed with a saturated 
NaCl solution (20 mL) and dried with MgSO,. Evaporation of the solvent 
and CC (10 g of silica gel) with petroleum ether/Et,O ( l / l )  yielded the alcohol 
40 (0.57 g, 1.0 mmol, 99%) as a colourless oil. This was dissolved in CH,CI, 
(20 mL) and pyridine (0.47 g. 6.0 nimol). tri-n-butylphosphine (0.60 g. 
3.0 mmol) and diphenyl disulfide (0.26 g, 1.2 mmol) were added. The mixture 
was stirred for 1 h and then partitioned between a saturated NH,CI solution 
(20 mL) and Et,O (30 mL). The aqueous phase was extracted with Et,O 
(2 x 20 inL), and the combined organic layers were washed with a saturated 
NaCl solution (50 mL). After drying with MgSO,, the solvent wasevaporat- 
ed and the residue purified by CC (25 g of silica gel) with petroleum ether) 
Et,O 6:1 to afford the corresponding phenyl sulfide (0.6Og, 0.9Ommol, 
90%).  This (0.16 g. 0.25 mmol) was dissolved in EtOH (20 mL). MMPP 
(0.20 g, 0.50 mmol) was added and the mixture was stirred for 30 min. The 
reaction mixture was partitioned between H,O (20 mL) and Et,O (30 mL). 
The aqueous phase was extracted with Et,O (2 x 20 mt). The combined 
organic layers were washed with a saturated NaCl solution (30 inL) and dried 
with MgSO,. The solvent was evaporated in vacuo and the residue purified 
by CC (15 g of silica gel) with petroleum ether/Et,O (211) to give the sulfone 
41 (0.13 g, 0.19 mmol, 76%)) as a colourless oil. TLC (petroleum ether,’ 


[XI::, = - 31.1 ,  [E]:& = - 50.1 (L.  = 4.00, CHCI,); IR (neat): i. = 2960. 
2930, 2860, 1470, 1460, 1430, 1300, 1150. 1080, 1030, 1000, 940, 825. 740. 
700cm-’; ‘HNMR (300 MHz, CDCI,): 6 =1.01 (s, 9 H ,  C(CH,),), 1.66- 
2.00 [m. 10H. C(2), C(3’), C(4‘). C(3”) and C(4”)I. 3.02-3.10 [m, 1 H, C(l)], 
3.19-3.25,[m,1H,C(1)],3.41-3.47[m,lH,C(3)],3.59[dd,J= 5.3and10.4, 
1 H )  and 3.66 (dd, J =  4.5 and 10.4, 1 H) (CH,-OTBDPS), 3.82-3.90 (m, 
2H) ,  3.98- 4.04 (m, 1 H) and 4.05-4.13 (m, 1 H), [C(2’), C(5’). C(2”) and 
C(S”)], 4.47 (d, J=11.7, 1H) and 4.66 (d, .J=11.7, 1H)  (OCH,Ph), 7.20- 
7.37 (m, 30H. Ph), 1.46-7.67 (m, XH, Ph), 7.81-7.84 (m, 2H,  Ph); 13C 
NMR (75 MHz, CDCI,): 6 =19.3 (C(CH,),), 24.1 [C(2) ,  26.9 (C(CH,),]. 
28.1, 28.2, 28.4 (2C) [C(3’), C(4) .  C(3“) and C(4”)]. 52.9 (C(l)], 66.7 (CH,- 
OTBDPS). 72.7 (OCH,Ph), 78.8,79.9,81.6 (2C) and 81.8 [C(3) ,  C(2), C(5’), 
C(2)  and C(5“)], 127.7, 127.8, 127.9, 128.0, 128.4, 129.3, 129.6. 129.7, 133.6, 
133.8. 135.7, 138.5 and 139.3 (Ph); C,,H,,O,SSi (699.01): calcd C 70.44. H 
7.22; found C 70.27, H 6.98. 


AcOEt. 4/1): R,=0.33: [cL]~’  =-14.5, [cc]::, =-15.4, [X I : ! ,  -17.4, 


(All-S)-4-benzyloxy-1,4-bis-5~-(5”-ter~-butyldiphenylsiloxymethyltetrabydro- 
furan-2”yl)-tetrahydrofuran-Z’yl~butanone (42): A solution of nBuLi (1.4 M. 


0.X6 mL, 1.2 mmol) in hexane was added to a magnetically stirred solution of 
iPr,NH (0.23mL, 1.6mmol) in THF (2 mL) at -78’C. After 15mm a 
solution of the sulfone 41 (0.51 g, 0.73 mmol) in THF (4 mL) was added. 
Then a solution of the aldehyde 38 (0.46 g, 1.0 mmol) in THF (10 mL) was 
added and the mixlurc way allowed to warm to 0 ‘C over 5 h. A saturated 
aqueous NH,C1 solution (30 mL) was added, the aqueous phase was extract- 
ed with Et,O (3 x 30 mL) and the combined organic layers were washed with 
ii saturated aqueous NaCl solution (30 mL). After drying with MgSO,, the 
solvent was evaporated in vacuo. The hydroxysulfone thus obtained was 
subjected to Swern oxidation: a solution of DMSO (0.23 mL) in CH,CI, 
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(20 mL) was added at -78 ’C to a solution of (COCl), (0.14 mL) in CH,Cl, 
( 10 mL). After 10 min the mixture was warmed to -50 “C and a solution of 
the hydroxysulfone (0.93 g) in CH,Cl, (30 mL) was added. After 30 min 
Et,N (2.3 mL) was added and the mixture was allowed to warm to 0°C over 
30 min. Then H,O (30 mL) and a saturated aqueous NH,C1 solution (50 mL) 
were added successively. The aqueous phase was extracted with CH,Cl, 
(3 x 30 mL). The combined organic layers were washed with a saturated 
aqueous NaCl solution (30 mL) and dried with MgSO,. The solvent was 
evaporated and the residue was purified by CC (IS g of silica gel) with 
petroleum ether/Et,O (1/1) to yield the crude ketosulfone (0.90 g). This was 
dissolved in THF/nPrOH (5/1, 30 mL) and freshly prepared aluminium amal- 
gam was added until TLC control showed complete consumption of the 
starting material. The reaction mixture was filtered over Celite. The Celite 
plug was washed with Et,O (100 mL) and the combined filtrates were concen- 
trated in vacuo. CC (20 g of silica gel) with petroleum ether/Et,O (1/2) 
afforded the ketone 42 (0.53 g, 0.53 mmol, 73 %) as a colourless oil. TLC 
(petroleum ether/AcOEt, 2/1): R, = 0.49; [ci];’ = - 15.4, [a]:;, = ~ 16.2, 
[N]z!6 = -18.3, [ci]:;, = ~ 32.9, [ L Y ] : ~ ~  = - 52.4 (c =1.20, CHC1,); IR  
(neat): i. = 2960, 2930, 2860, 1710, 1430, 1215, 1115, 1070, 1005, 995, 760, 
700 cm-’;  ’ H  NMR (300 MHz, CDC1,): 6 = 1.01 (s, 9H,  C(CH,),), 1.02 (s, 
YH, C(CH,),), 1.58-1.99 [m, 18H, C(3), C(3’). C ( 4 ) ,  C(3”) and C(4)] ,  
2.29-2.34 Irn, 2H, C(2)], 3.32-3.36 [m, 1H,  C(4)], 3.60-3.67 (m, 4H,  
CH,OTBDPS), 3.71-3.77 (m. 2H),  3.87-3.91 (m, 2H)  and 4.02-4.15 [m, 
4H),  C(2’), C(5’), C(2”) and C(S”)].  4.50 (d, J=11 .7 ,  1H) and 4.73 (d, 
J=11.7,  1H)  (OCH,Ph), 7.29-7.36 (m. 17H, Ph), 7.63-7.65 (m. 8H, Ph), 
7.81-7.84 (m, 8H,  Ph); “C N M R  (75 MHz, CDC1,): 6 =19.4 (C(CH,),), 
20.0 (C(CH,),), 26.9 (C(CH,),), 27.1 [C(CH,),), 28.4, 28.5, 28.6, 33.1 and 
38.9 [C(3), C(3’), C(4), C(3“) and C(4)] ,  42.6 [C(2)], 66.5 and 66.7 
(CH,OTBDPS), 72.8 (CH,OBn), 73.8, 79.7, 79.9, 80.5, 81.8, 82.1 and 
82.6 [C(4), C(2’), C(S‘), C(2“) and C(5”)], 127.5, 127.7, 127.8, 128.0, 
128.1, 128.3, 128.4, 129.6, 129.7, 133.7, 133.8, 133.9, 135.7 and 139.2 (Ph), 
210.9 (C=O); C,,H,,O,Si, (995.49): calcd C 73.59, H 7.91; found C 73.51, 
H 7.93. 


(18,4S,2’S,5‘S,2“S,5“S)-4-Benzyloxy- 1,4- bis-[5’-(5”-tert-butyldiphenylsiloxy- 
methyltetrahydrofuran-2”-yl)-tetrahydrofuran-~-yl~-~-butanol (43): NaBH, 
(5.0 mg, 0.14 mmol) was added to a magnetically stirred solution of the 
ketone 42 (0.14 g, 0.14 mmol) in EtOH (IS mL) a t  room temperature. The 
mixture was stirred until TLC control showed complete reaction. Then a 
saturated aqueous NH,C1 solution (20 mL) was added and the aqueous phase 
was extracted with Et,O (3 x 15 mL). The combined organic layers were 
washed with a saturated aqueous NaCl solution (20mL) and dried with 
MgSO,. The solvent was evaporated and the residue purified by CC (10 g of 
silica gel) with petroleum ether/Et,O (1/2) to afford 43 as a 1 : l  epimeric 
mixture (0.14 g, 0.14 mmol, 98%). TLC (petroleum ether/AcOEt, 2/1): 
R, = 0.44; IR (neat): i; = 3430, 2960, 2930, 2860, 1470, 1455, 1425, 1390, 
1360,1335,1305,1270,1175,1115,1030,1005,995,890,825,740,705cm~’; 
‘HNMR (300MHz, CDCI,): 6 =1.06 (s, 18H, C(CH,),), 1.42- 
2.07 [m. 20H, C(2), C(3). C(3’), C ( 4 ) ,  C(3”) and C(4)]; 2.26 (brs) and 
2.47-2.52 (m) (1 H, OH); 3.62-3.74 (m, 4H,  CH,OTBDPS), 3.39-3.55 (m, 
3H),  3.78-3.84 (m, l H ) ,  3.92--3.94 (m, 2H) and 4.07-4.22 (m, 4H) [C(I, 
C(4). C(2’), C(5‘), C(2”) and C(S”)]. 4.58 (d, J = 2.9), 4.62 (d, J = 3.0), 4.76 
(d,J=4.1)and4.80(d,J=4.0)(2H,OCH,Ph),7.29-7.39(m,17H,Ph), 
7.67-7.70 (m, 8 H ,  Ph); ”C N M R  (75 MHz, CDC1,): 6 =19.3 [C(CH,),), 
21.8 and 21.9 (C(2)], 26.9 (C(CH,),), 28.2, 28.3, 28.4, 28.5, 33.5, 33.6, 34.0, 
37.4 and 37.6 [C(3) ,  C(3‘), C(4) ,  C(3”) and C ( 4 ) ] ,  66.5 and 66.7 
(CH,OTBDPS), 72.6 and 72.8 (OCH,Ph), 73.8 and 73.9 [C(l)], 71.6, 79.6, 
79.8, 81.1, 81.6, 81.7, 82.6 and 82.7 [C(4), C ( 2 ) .  C(5’), C(2”) and C(5”)], 
127.5,127.6. 127.7, 128.0,128.1, 128.3, 129.6, 129.7, 133.6,133.7, 133.8,135.7 
and 139.0 (Ph); C,,H,,O,Si, (997.51): calcd C 73.44, H 8.10; found C 73.46, 
H 8.17. 


(A1I-S)-5,5””-bis(tert-butyldiphenylsiloxymetbyl)eicosabydro-~2,2’;5’2”; 
5”,2”’;5”’,2””~-pentafuran (12): TsCl (80.0 mg, 0.40 mmol) was added to a 
solution of the alcohol 43 (0.14 g, 0.14 mmol) in pyridine (2 mL). After 
stirring for 12 h the mixture was cooled to 0 ‘C and H,O (30 mL) was added. 
The mixture was stirred until TLC checks showed complete hydrolysis of 
TsC1. Then the aqueous phase was extracted with Et,O (3 x 40 mL). The 
combined organic layers were dried with MgSO,. Et,O and pyridine were 
evaporated in vacuo. The residue was purified by CC (1 5 g of silica gel) to give 
the tosylate (0.13 g, 0.11 mmol, 81 %). This was dissolved in AcOEt (20 mL), 
and palladium on carbon (10%. 20 mg) was added. The flask was evaporated 


and filled with hydrogen gas (a balloon was fixed to the apparatus to maintain 
hydrogen atmosphere). The reaction mixture was stirred for 3 h. The PdjC 
was removed by filtration through a pad of Celite. Evaporation of the solvent 
from the filtrate gave the crude hydroxytosylate, which was redissolved in 
T H F  (20 mL). NaH (4 mg, 0.16 mmol) was added to the solution and the 
reaction mixture was heated at 50°C for 2 h. It was subsequently cooled to 
0 ‘C while H,O (10 mL) and a saturated aqueous NH,C1 solution (30 mL) 
were added. The aqueous phase was extracted with Et,O (3 x 30 mL). Thc 
combined organic layers were dried with MgSO,. CC (20 g of silica gel) with 
petroleum ether/Et,O 2/1 afforded the penta-THF 12 (22 mg. 0.025 mmol, 
23%) as a colourless oil. TLC (petroleum ether/AcOEt, 2/1): R, = 0.54; 
[a]? = -10.4, [K]:!, = -10.4, = -12.2, = -17.4, [~ ] :2~  = 


- 27.8 (c = 0.60, CHC1,); ‘ H N M R  (300 MHz, CDCI,): 6 = 1.04 (s,  18 H, 
C(CH,),) ,  1.60-2.03 [m, 20H, C(3), C(4), C(3‘) ,  C ( 4 ) .  C(3”) nndC(4)l .  3.60 
(dd, J =  5.7 and 10.4, 2H,  CH,OTBDPS), 3.69 (dd, J =  4.4 and 10.4, 2H, 
CH,OTBDPS), 3.85-3.97 [m, XH, C(2), C(5”). C(2‘), C(5‘) and C(2”)]. 4.10- 
4.15 [m. 2H,  C(S)], 7.35-7.37 (m, 12H. Ph), 7.65-7.68 (m, 8 H ,  Ph); I3C 
N M R  (75 MHz, CDCI,): 6 =19.3 (C(CH,),), 26.9 (C(CH,),), 28.0, 28.1, 
28.2, 28.3 and 28.5 [C(3), C(4), C(3’) ,  C ( 4 ) ,  C(3”) and C ( 4 ) ] ,  66.6 
(CH,OTBDPS), 79.7,81.6(2C), 81.8 and 81.9[C(2),C(S), C ( 2 ) ,  C(S’) ,  C(2”) 
and C(S”)], 127.6, 129.5, 133.8,135.6 and 135.7 (Ph); HRMS: calcd 888.4816; 
found 888.4951. 
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