
the fact that the shortest intramolecular distance known so 
far [C(8)-C(6) 257.9 pm] is observed in 3 (for comparison: 
268.9 pm in [2.2]metacyclophane). 

The synthesis of 5 has already been reported, but the 
method used involved several steps and the yields were 
low (only milligram amounts were isolated).[" To obtain 
the pyridinophanes 1-4 in the required gram amounts we 
have developed a new, generally applicable two-step syn- 
thesis for heteroarenes: a bis(halogenomethy1)-substituted 
arene or heteroarene is cyclized with 3-(mercaptome- 
thy1)phenol under dilution  condition^'^] and in the pres- 
ence of cesium carbonate"] in ethanol to a [3.2]phane as 
precursor in good yields (up to 45%) (Scheme 1). Subse- 

a 

3a 2a 

Scheme I 

quent desulfurization''Ol in a thiophilic solvent [P(OMe)3 or 
P(OEt),] (Scheme 2) leads to the narrow-bracketed product 
in remarkably good yields (up to 40%), considering the hi- 
therto narrowest [2.2]phane ring. 

5a 5 

Scheme 2. 

For the determination of the ring-inversion barriers of 
the [3.2]phanes la-5a we have used the coalescence of the 
'H-NMR signals of the CH2-0  group: the free enthalpy of 
activation for 3a is 95 kJ mol-'.  la shows no coalescence 
up  to -55°C (90 MHz) because of the small steric de- 
mands of the lone pair of the nitrogen atom;'"] the corre- 
sponding barriers for 2a, 4a and 5a all lie at 88 kJ 
mol- '_  

To gain a better insight into the influence of chromo- 
phore orientation on the circular dichroism we are cur- 
rently studying further helical molecules with formal 
clockwise rotation of the chromophore in the molecule. 

Experimental 

Cyclization: The solutions of bis(halogenomethy1)arene 1e.g. 1,3-bis(bro- 
momethyl)benzene] (10.0 mmol) in ethanol (250 mL) and of 3-(mercaptome- 
thyl)phenol (10.0 mrnol) and potassium tert-butoxide (1 1.0 mrnol) in 85% 
ethanol (250 mL) were added dropwise within 10 h to 1 L of boiling ethanol 
(dilution principle apparatus [ 121). The cyclization was noticeably favored by 
addition of a spatula-tip of Cs2C02. After a further 3 hours' boiling the reac- 
tion mixture was worked up column chromatographically [silica gel, dichlo- 
romethane/acetone mixture (20/1 to lO/l)] .  

Desulfurization: the [3.2]phane (3.00 mmol) was dissolved in P(OMe), 
(freshly distilled over sodium) and irradiated in a quartz flask with a high- 
pressure mercury lamp (HQ 600: 15 h, argon, 30°C). P(OMe), was removed 
under vacuum and the residue chromatographed on silica gel [dichlorome- 
thane/acetone mixture (20/1 to lO/l)] [14]. 
Crystal structure analysis of 3 1141: colorless crystals; crystal dimensions: 
0 . 1 5 ~ 0 . 2 5 ~ 0 . 5  mm'; M,=211.2, space group P2,2,2,, a=S89.1(4), 
6=784.0(3), c=2336.8(13) pm. V=1.079 nm', Z = 4 ,  p,.,,,,=1.30 g cm-', 
p(MoK,)=0.08 m m - ' ;  1886 symmetry independent reflections 
(20,,,=50"); 1617 reflections with IF1>3a(F) were used for the structure 
solution (direct methods) and refinement (145 parameters); non-hydrogen 
atoms anisotropically, H atoms (located by difference electron density deter- 
mination) refined with a riding model; R=0.055 [R , ,  =0.053, & ' - ' =  

u2(F) + 0.005 F']. The absolute configuration could not be determined. 
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[I] Regarding the helicity of the phanes substituted unsymmetrically in the 
bridge see: a) K. Meuer, F. Vogtle, A. Mannschreck, G .  Stiihler, H. Puff, 
A. Roloff, J .  Org. Chem. 49 (1984) 3483; b) F. Vogtle, K. J. Przybilla, A. 
Mannschreck, N. Pustet, P. Biillesbach, H. Reuter, H. Puff, Chem. Ber. 
121 (1988) 823. 

[2] Cf. a) H. A. Staab, W. Rebafka, Chem. Ber. 110 (1977) 3333; b) H. A. 
Staab, C. P. Herz, Angew. Chem. 89 (1977) 839: Angew. Chem. I n f .  Ed. 
Engl. 16 (1977) 799. 

[3] Y. Okamoto, K. Hatada, J .  Liq. Chromatogr. 9 (1986) 369. 
[4] Cf. V. Buss, M. Klein, Chem. Ber. 121 (1988) 89. We thank Prof. Dr. V. 

Buss and Prof. Dr. G. Snatrke for helpful discussions. 
[5] F. Vogtle, J. Struck, H. Puff, P. Woller, J Chem. Soc. Chem. Commun 

1986, 1248. 
[6] a) Y. Okamoto, K. Hatada, Chem. Lett. 1986. 1237; b) J .  Chromatogr. 

363 (1986) 173. 
[7] a) K. Nakanishi, N. H. Park, R. Takeda, J. T. Vazquez, W. T. Wiesler in 

W. Bartmann, K. B. Sharpless (Eds.): Slereochemistry of Organic and 
Bioorganic Transformafrons. Workshop Conference Hoeclist. Vol. 17, 
VCH Verlagsgesellschaft, Weinheim 1986; b) N. Harada, K. Nakanishi: 
Circular Dichroic Spectroscopy. Excifon Coupling m Organic Stereochem- 
istry. University Press, Oxford 1983. 

[S] G. Snatzke, Angew. Chem. 91 (1979) 380: Angew. Chem. I n f .  Ed. Engl. 18 
(1979) 363. 

191 a) F. Vogtle, Chem. Z t g .  1972, 396; b) L. Rossa, F. Vogtle, Top Curr. 
Chem. 113 (1983) I .  

[lo] a) V. Boekelheide, I. D. Reingold, M. Tuttle, J .  Chem. Soc. Chem. Com- 
mun 1973. 406; b) J. Bruhin, W. Kneubiihler, W. Jenny, Chimia 27 
(1973) 277. 

[ I l l  H. Forster, F. Vogtle, Angew. Chem 89 (1977) 443; Angew. Chem. Int .  
Ed. Engl. 16 (1977) 429. 

[I21 Manufacturer Normag, Otto Fritz GmbH, 6238 Hofheirn/Taunus 
(FRG). 

[I31 The compounds 1-5 have been characterized by their 'H-NMR spectra, 
mass spectra (high resolution), and elemental analyses. 

[14] Further details of the crystal structure investigation are available on re- 
quest from the Fachinformationszentrum Energie, Physik, Mathernatik 
GmbH, D-7514 Eggenstein-Leopoldshafen 2 (FRG) on quoting the de- 
pository number CSD-52919, the names of the authors, and the journal 
citation. 

Blocking of the Retro-Diels-Alder Reaction by 
Complex Formation : 
[(q5-Cyclopentadienyl~q5-dicyclopentadienyl)iron~* * 
By Janet Bliimel, Frank H .  Kohler,' Gerhard Miiller, and 
Dallas L. Wilkinson 

The retro-Diels-Alder reaction is part of the standard re- 
pertoire'1.2' of the preparative chemist; nonetheless, a great 
deal of work is being invested towards the improvement of 
this reaction-for example, to circumvent the usually dras- 
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tic conditions required by pyrolysis. Recent chemical ap- 
proaches have included the acceleration of the reaction by 
the incorporation of silyl groups,""] by acid catalysis in the 
aza variant,lZb1 and by reducing the molecular strainl2"l or 
the basicity[2d-k1 on going from the educt to the products. 
With regard to the latter variant, we recently found that the 
retro-Diels-Alder reaction can even proceed so rapidly 
that the actual starting compound cannot be observed.131 
For instance, the reaction of the stannylated dicyclopenta- 
diene 1 with methyllithium leads to dicyclopentadiene 2 
and cyclopentadienyllithium even at - 78°C. We have not 
yet been able to detect the proposed intermediate l a .  

b /  \ 1 

We have now found that l a  may be trapped with sol- 
vated iron(11) chloride; the title compound q5-cyclopenta- 
dienyl-(q5-dicyclopentadienyl)iron,141 4,  the only isolable 
iron compound, is thereby formed in a yield of 20% (not 
optimized, based on 1 ;  Scheme 1). The identity of 4 
("DicpFeCp") follows from the correct elemental analysis 
and the spectroscopic data.I5I Important features include 
the following: The number of NMR signals corresponds to 
C, symmetry in solution. The 6( 'H) and 6(I3C) data indi- 
cate the formation of an allylic system; the bonding of 
C8/9 to the iron is not supported by 6(H8/9), since a sig- 
nal shift of only ca. - 0.4 ppm is observed on going from 2 
or l I 3 ]  to 4. For the same transformations, however, the 
signal for C8/9 is shifted by ca. -60 ppm, which does re- 
flect coordination of C8/9 to iron. 'J(C8-H8) ['J(C9- 
H9)][5.61 thereby decreases by only ca. 3 Hz; the rehybridi- 
zation and a conceivable charge transfer from the allylic 
moiety to C8/9 thus have little effect. Noteworthy are the 
coupling constants 'J(CH)[5,61 of 4, which are 5-8 Hz 
smaller for C1/7 and C2/6 than those of 2 ; this indicates a 
reduction in the angles at the corresponding carbon atoms 
owing to the binding to iron (compare below). Comparison 
of 4 with ferrocene reveals that the position of the I3C- 
NMR signal of C,H5 at 6=80 is unusual; we ascribe this 
to a transannular effect of the Dicp ligand on Cp, which is 
much larger than that observed for fe r ro~enes . [~ ,*~  

The X-ray structure analysis1'I of 4 (cf. Fig. I )  confirms 
the findings outlined above. A ferrocene analogue is pres- 
ent in which a C p  ligand is replaced by Dicp, with the 
Dicp forming a basketlike ligand. Both the olefinic and al- 
lylic moieties of the Dicp coordinate to the Fe atom. As a 
result, the double bond C8-C9 (1.420(4) A) is characteristi- 
cally lengthened"01 and the ally1 plane (C3, C4, CS) is bent 
away from iron by 27.0" with respect to the plane A (C2, 
C3, C5, C6). The interplanar angle A/D (cf. caption to Fig- 
ure 1)  is 117.0", and B I D  is only 108.8", so that the dis- 
tances of the olefinic C atoms (C8/9) from the termini of 

the allylic moiety (C5/3) are only 2.69 and 2.67 A, respec- 
tively. The Fe-C distances for Dicp and C p  are thus simi- 
lar (except for Fe-C4, 2.017(2) A). The Fe-C bond lengths 
lead to a distance of only 1.21 A between the best plane E 
through C3, C4, C5, C8, and C? and the iron, whereas the 
Fe-Cp(center) distance is 1.73 A. The two planes form an 
angle of 3.6" and are thus ca. 0.4 A closer in  4 than the 
corresponding planes in ferrocene;"'] this is revealed as a 
transannular effect in the I3C-NMR data. These results 
and the absence of ferrocene (cf. Scheme 1) make the fol- 
lowing route for the formation of 4 plausible: 3 is initially 
formed; the mutual steric hindrance of Dicp ligands in 3 is 
so large, however, that one of the two ligands cleaves off 
cyclopentadiene. The retro-Diels-Alder reaction is there- 
fore only partially blocked. Thus, a general routel"] is now 
possible to complexes of the (Cp-metal) type, which are 
strongly perturbed owing to formal separation of the ole- 
finic and alIylic moieties. 

Fig. 1. Molecular structure of DicpFeCp 4 (ORTEP, displacement ellipsoids 
SO%, H atoms with arbitrary radii). Selected distances [A]: Fe-C3 2.091(2), 
Fe-C4 2.017(2), Fe-C5 2.092(2), Fe-C8 2.077(2), Fe-C9 2.081(2), Fe-CI I 
2.109(3), Fe-C12 2.106(3), Fe-CI3 2.101(3), Fe-C14 2.084(2), Fe-CIS 2.111(3), 
C3-C4 1.413(4), C4-CS 1.421(4), C8-C9 1.420141, C2-C6 1.573(3): interplanar 
angles ["I: A I D  117.0, B I D  108.8, B/C 127.2, C / D  124.1 with A=C2, C3,  
C5, C6, B = C I ,  C7, C8, C9, C = C I ,  C7,CIO, D = C I ,  C2. C6, C7. 

The redox behavior of 4 is similar to that of ferrocene. 
Cycl~vol tammetry[ '~~  shows a reversible (lpz,/IPc = 0.94) ox- 
idation, the half-wave potential of which is cathodically 
shifted by 260 mV relative to internal ferrocene. This find- 
ing is apparently typical['41 of the perturbation of ferro- 
cenes, either by alkylation or by interruption of the cyclic 
conjugation in the ligands. 
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[ I ]  a) J:P. Ripoll, A. Rouessac, F. Rouessac, Tetrahedron 34 (1978) 19; h) 
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3329; d) E. S .  Bowman, G. B. Hughes, J. B. Grutzner, J .  Am. Chem. SOC. 
98 (1976) 8273; e) W. Neukam, W. Grimme, Tetrahedron Lett. 1978, 
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[4] Ahbrei izlion for ~'-cyclopentadienyl-(3,4,5,8,9-~'-tricycl0-[5.2.1.0~~]- 
deca-3.X-dien-5-yi)iron. DicpFeCp is used here as an acronym. 

[S] El-MS (70 eV):  m/z (rel. int.) 252 ( M " ,  43), 186 ([M-C,H,,]', loo), 121 
(CpFe . 65 ) ,  56 (Fe', 38).-'H-NMR (ChDhr 270 MHz, 30°C): 6= 1.36 
(dt. 'J=8.8 Hz, 'J= 1.2 Hz, cyn-HIO), 1.96 (rn, H2/6), 1.98 (dt, partially 
ocerlapped, ' J= 1.2 Hz, anti-HIO), 2.72 (m, H1/7), 3.69 (s, C s H 5 ) ,  4.42 
(m, incl. 'J=3.4 Hz, H4), 5.06 (m, incl. 'J(H3/5-H4)=3.4 Hz, H3/5), 
5.52 (m, H8/9); assignment by selective hornodecoupling.- "C-NMR 

( ' J ( C H ) =  127.9 Hz, C2/6), 56 59 ( ' J (CH)= 127.8 and 133.3 Hz, CIO), 
67.95 ( ' J ( C H ) =  163.1 Hz, 'J(CH)=9.5 and 5.1 Hz, C3/5), 73.23 
( ' J ( C H ) =  16.5 1 Hz, C8/9), 79.92 ( ' J (CH)= 174.6 Hz, 
' J (CH)= 'J(CH)=6.6 Hz, C,H,), 84.63 ( ' J (CH)= 167.5 Hz, C4); assign- 
ment b! selective "C{'HJ experiments. 

161 In 2 ,  the 'J(Cn-Hn) values for n =  1 ... 10 are: 146.7, 135.7, 159, 159, 128 
(exo- and endo-H), 135.2, 145.0, 167.3, 168.2, 131.1/135.3 (syn- and anri- 
H, respectively) Hz; J. Blumel, F. H. Kohler, unpublished results. 

171 a) A. N .  Nesmeyanov, P. V. Petrovskii, L. A. Fedorov, V. 1. Robas, E. I. 
Fedin. J. Struct Chem. 1Engl. Trans/.) 14 (1973) 42; b) S. Gronowitz, I. 
Johnson, A. Maholanyiova, S. Toma, E. SolCaniova, Org. Magn. Reson. 
7 (1975) 372. 

I S ]  I f ,  on the other hand, 4 is viewed as a half-sandwich complex, 
6( " C ) =  80 IS normal for the CsHs ligands: compare, e.g., A. 0. Gansow, 
D. A. Schexnayder, B. Y. Kimura, J. Am. Chem. Soc. 94 (1972) 3406. 

191 Reddish brown crystals were obtained by slow cooling of a pentane so- 
lution of 4. Crystal data: C,5H,6Fe, M,=252.14, monoclinic, space 
group P 2 ,  (No. 4). a=6.004(1), b=7.257(1), c =  12.867(2)A, p= 
97 55( I ) " ,  Y =  555.8 A3, 2=2,pEr iLd = 1.507 g cm-',p(Mo,,)= 13.2 cm- ' ,  
F(OO0) = 264, T =  - 40°C. 2338 unique reflections up to (sinO/A)mAx 
~ 0 . 6 3 9  A ' (+ h, + k ,  f l ,  w scan, Aw=O.8", Syntex P2, diffractometer, 
MoK,. radiation, I =0.71069 A). Lp and empirical absorption correction 
(rel. transmission: 0.75-1.00), solution by automated Patterson methods 
(SHELXS-86). R(R,,)=0.026 (0.033), w =  1/02(Fo) for 144 refined pa- 
rameters and all reflections (anisotropic, H constant with U,,,=0.05 A', 
inverse set of coordinates: R,, =0.049, SHELX-76). Apt,,(max/min) 
=0.41/-0.46 e k3. The centrosymmetric space group P2,/m can be 
ruled out, since the approximate mirror plane through the molecule is 
not parallel to the (IC plane. Further details of the crystal structure inves- 
tigation may be obtained from the Fachinformationszentrum Energie, 
Physik, Mathematik GmbH, D-7514 Eggenstein-Leopoldshafen 2 
(FRG), on quoting the depository number CSD-52974, the names of the 
authors, and the journal citation. 

[lo] Cf. CZ-C3 1.34A in norbornadiene; E. E. Burnell, P. Diehl, Con. J. 
Chem. 50 (1972) 3566. Cf. C6-C7 1.35 A in bicyclo[3.2.l]octa-2.6-dienyl- 
Ii thiumTMEDA; N. Hertkorn, F. H. Kohler, G. Miiller, G. Reber, An- 
gew Chem. 98 (1986) 462; Angew. Chem. Inr. Ed. Engl. 25 (1986) 468. 

[ I  I ]  P. Seiler, J .  D. Dunitz, Acra CrysraNogr. Secr. 8 3 6  (1979) 2020, and ref- 
erences cited therein. 

[I21 Special routes have been reported by a) J. Lewis, A. W. Parkins, J. 
Chem. So<. A 1969. 953; b) C. White, S. J. Thomson, P Maitlis. J. Chem. 
Sac. Dalron Trans. 1978. 1305. 

[I31 4 was 9 9 x lo-' M (plus ferrocene 9.9 x M) in THF/[(nBu),N]PF6 
at 25°C. 50 mV/s. 

1141 C. Elschenbroich, E. Bilger, R. 0. Ernst, D. R. Wilson, M. S .  Kralik, 
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(C,,D,,, 67.8 MHz, 30°C): 6=50.60 ( ' J (CH)= 140.9 Hz, Cl/7),  55.67 

Modified Cyclodextrins- 
Novel, Highly Enantioselective Stationary Phases for 
Gas Chromatography** 
By Wilfried A. Konig,* Sabine Lutz. and Gerhard Wenz 

Capillary gas chromatography on  chiral stationary 
phases''] is being employed increasingly for the determina- 
tion of the configuration of natural products, for investi- 
gating the enantiomeric purity of chiral pharmaceuticals, 
and for determinating enantiomeric excesses of asymmet- 
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ric syntheses or enzymatic transformations, ever since suit- 
able columns with thermostable phases have become com- 
mercially available[2' and new methods of derivatization"] 
have enabled the separation of a large number of sub- 
stances. 

In most cases "chiral recognition" can be attributed to 
diastereomeric associates formed by hydrogen bonding be- 
tween chiral substrate and stationary phase.[41 Hence, with 
few exceptions, only derivatives capable of such interac- 
tions (amides, carbamates, oximes, some alcohols) are sep- 
arable in this way. 

In the case of cyclodextrins, which are employed in li- 
quid chromatography as chiral supports,[51 it is known that 
inclusion effects play an important role in the separation 
of enantiomers. A separation is achieved when the enan- 
tiomers differ in their ability to be accomodated in the cav- 
ity of the macrocyclic cyclodextrin molecule. Sybifska et 
aLC6l recently showed that this type of intermolecular inter- 
action is also suitable for gas chromatographic enantio- 
meric separations. Due to their high melting points, how- 
ever, the free cyclodextrins are suitable only as stationary 
phases for gas-solid chromatography. It was therefore 
thought worthwhile attempting to lower the melting point 
and increase the thermal stability by introducing hydro- 
phobic moieties. This was achieved both by complete al- 
kylation as well as by partial alkylation and acylation of 
the hydroxy functions of the cyclodextrin~.['~ 

It emerged that, e.g., per-n-pentylated a-cyclodextrin 
(Phase I) as well as the p-cyclodextrin pentylated at the hy- 
droxy groups in position 2 and 6 and acetylated in position 
3 (Phase 11) exhibit a marked selectivity toward enantio- 
mers. Especially high separation factors are obtained in 
the case of the enantiomers of trifluoroacetylated carbohy- 
drates, rnethylglycosides, and the 1,5-anhydroalditol~'~' as 
obtained on reductive degradation of polysaccharides."] 
Moreover, derivatives of many other chiral molecules are 
separated, including building blocks for natural product 
syntheses, e.g. hydroxy acids (Fig. l), polyols, triols, vicinal 
diols, alcohols (Fig. 2), amino alcohols, amines and amino 
acids. The separation factors for trifluoroacetylated a-chi- 

FOOCH, 1 1  
HF - 0 - C 0 C r , 3  

H+-O-COCF, 

5 0 - tImin l  

Fig. I .  Enantiomer separation of glyceric acid and of tartaric acid alter cster- 
ification with methanol and trifluoroacetylation. 40-m glass capillary with 
perpentylated a-cyclodextrin. Column temperature 90°C; Carrier gas: 1 bar 
H I .  
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