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An induced circular dichroism (ICD) solution study on the
orientation of ferrocenyl azide within thg-cyclodextrin
cavity is described. In DMSO, ferrocenyl azide prefers an
axial inclusion, whereas in ethylene glycol and DMS@H

= 50/50 an equatorial alignment dominates. As shown by

Note

solution has already been descrideidere we wish to report
the solution structure of the Fgl®s-CyD complex with special
emphasis on how solvent properties and temperature influence
the alignment of Fchlin the 5-CyD cavity.

The structures of ferrocene (FcHgyclodextrin complexes
have been determined by X-ray diffraction analydigaturally,
the solid state structure of a complex may differ from that in a
solution® Because ferrocen@-CyD complexes are barely
soluble in watef, studies have been conducted in organic sol-
vents or in mixtures of organic solvents and water. Aprotic polar
solvents such as DMSO and DMF comprise the best solubilizing
properties for CyDs and also their complexes, unfortunately at
the expense of low association const@nsmong aqueous
solutions, the combination of DMSOB has been applietl.
Ethylene glycol was found to be a preferred solvent compromis-
ing relatively good solubilizing and binding properti€s!3

The alignment of the guest molecule within the CyD host
molecule may be inferred from ICD. Thus, Harata established
a rulé* which states that the ICD of a chromophore inside the
cyclodextrin’s cavity will be positive, when the electric transition
dipole moment is aligned parallel to the cyclodextrin’s principal
axis. In contrast, the ICD will be negative, when the alignment
of the transition dipole moment vector is perpendicular to the

(2) Representative publications: (a) Brinker, U. H.; Buchkremer, R;
Kolodziejczyk, M.; Kupfer, R.; Rosenberg, M.; Poliks, M. D.; Orlando,
M.; Gross, M. L.Angew. Chem., Int. Ed. Engl993 32, 1344-1345. (b)
Rosenberg, M. G.; Kam, S. M.; Brinker, U. Hietrahedron Lett1996 37,

temperature-_dependent ICD spectra, at lower temperatures;ss-3238. (c) Krois, D.; Bobek, M. M.; Werner, A.; Rig, H.; Brinker,
ferrocenyl azide adopts preferentially an equatorial arrange-U. H. Org. Lett.200Q 2, 315-318. (d) Rosenberg, M. G.; Brinker, U. H.
ment, whereas at higher temperatures an axial one is favored: Org. Chem2001 66, 1517-1522. (€) Knoll, W.; Bobek, M. M.; Giester,

. G.; Brinker, U. H.Tetrahedron Lett2001, 42, 9161-9165. (f) Rosenberg,
Temperature and solvent effects on the co-conformation of y; G : Brinker, U. H.J. Org. Chem2003 68, 4819-4832. (g) Krois, D.:

ferrocene noncovalently bound to cyclodextrin have never Breck%)L.;Werger, A.; Brinker, li.(J HAdy. Sg{gth. Catal20%4 346I 1367
1374. (h) Rosenberg, M. G.; Brinker, U. H.Aglvances in Physical Organic
been observed before. Chemistry Richard, J. P., Ed.; Academic: New York, 2005; Vol. 40, pp
1-47.
] ] ) (3) (a) Tokitoh, N.; Saiki, T.; Okazaki, Chem. Commuri995 1899
For the study of solution structures of achiral chromophoric 1900. (b) Tmshoff, C.; Bucher, GEur. J. Org. Chem2004 269-271. (c)

guests with chiral host molecules, induced circular dichroism Warmuth, R.; Makowiec, SJ. Am. Chem. So@005 127, 1084-1085.

. . 4) (@) Abramovitch, R. A.; Azogu, C. I.; Sutherland, R. Ghem.
(ICD) has been employed as a sensitive spectroscopic tool. TheCO(m?fn(uz_lgn 134-135. (b) Azogu? C. I.; Offor, M. NJ. Organomet.

method is particularly useful for the structural analysis of Chem.1981 222 275-278. (c) Steel, C.; Rosenblum, M.; Geyh, A 6.

cyclodextrin (CyD) complexesKnowledge of solution struc-
tures of hostguest complexes contributes to the understanding
of molecular recognition phenomena in enzynsebstrate

J. Chem. Kinet1994 26, 631-641.

(5) (a) Odagaki, Y.; Hirotsu, K.; Higuchi, T.; Harada, A.; Takahashi, S.
J. Chem. Soc., Perkin Trans.189Q 1230-1231. (b) Liu, Y.; Zhong, R.-
O.; Zhang, H.-Y.; Song, H.-BChem. CommurR005 17, 2211-2213.

(6) Mieusset, J.-L.; Krois, D.; Pacar, M.; Brecker, L.; Giester, G.; Brinker,

interaction or catalysis. In supramolecular chemistry, it also
U. H. Org. Lett.2004 6, 19672970.

helps to advance stru?]tufeefactlwt)(/j relat|onsh|ps|. | ] (7) (@) Strelets, V. \/.: Mamedjarova, I. A.: Nefedova, M. N.: Pys-
In recent years, we have focused on supramolecular carbeng,ograeva, N. I.; Sokolov, V. I.; Posli L.; Hanzlik, J. J. Elektroanal.
chemistry. The reactive species were generated photolytically Chem.1991, 310, 179-186. (b) Wu, J.-S.; Toda, K.; Tanaka, A.; Sanemasa,
from diazirine precursors within the cyclodextrin cavityn | Bull. Cchgm- Soc. '\jpl‘ég?)fi 71, %315—1618- (I<I=_) ggglla,lg-:z%alfrgt%7/\-:
contrast, examples concerning supramolecular nitrene chemistry\ervi» € Ravera, M.; Gobetto, Rirganometallic00g 19, '

; . . (8) (a) Siegel, B.; Breslow, Rl. Am. Chem. So&975 97, 6869-6870.
are rare® Because the chemistry of azides as nitrene precur- (b) Matsue, T.: Akiba, U.; Suzufuji, K.; Osa, Denki Kagakul985 53,

sors entrapped in host matrixes has not yet been examined08-509.
extensively, we decided to investigate the ferrocenyl azide (%) Czariecki, M. F.; Breslow, Rl. Am. Chem. S04978 10Q 7771~

. 7772.
FcNs@p-CyD complex. Moreover, the chemistry of Fghn (10) Harada, A.; Takahashi, Ehem. Lett1984 2089-2090.

(11) (a) Harada, A.; Takahashi, $.Chem. Soc., Chem. Comm@884
645-646. (b) Harada, A.; Hu, Y.; Yamamoto, S.; Takahashi)J.SChem.
Soc., Dalton. Trans1988 729-732.

(12) (a) Sokolov, V. I.; Bondareva, V. L.; Golovaneva, |. B.
Organomet. Cheml988 358 401-403. (b) Sokolov, V. I.; Bondareva,
V. L.; Golovaneva, |. FOrganomet. Chem. USSR. (Engl. Tran$bB§ 1,
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o 01 02 03 04 05 06 07 08 09 1 FIGURE 2. Structure of ferrocenyl azide based on X-ray single-crystal
[B-CyDJI([FeNSJ+[8-CyD]) analysis.
FIGURE 1. 'H NMR Job’s plot of the Fch@B-CyD complex in 0117
DMSO-ds. The change in chemical shift of the and s-protons (A
and B curves, respectively) of the ferrocenyl azide multiplied by the
concentration of ferrocenyl azide is plotted on the ordinate. fFeN

[ -CD] = 0.1 M, T=27°C.

cyclodextrin’s principal axis. Later, Hatano et!ékalculated a
“transit” angle at 54, at which the signs of the ICD peaks
reverse Kodaka’s treatment shows that the situation is exactly
the opposite outside the cyclodextrin cavityt has to be noted
that these rules were derived on the basis of strangr*
transitions of the guest’s chromophore. However, they have been
successfully validated for weak-ar* transitions of diazirine&®
azoalkane$? and even weak-dd transitions (406550 nm) of
ferroceneg120

Ferrocene produces in ethylene glycol a positive ICD band
for 5-CyD and a small negative one fprCyD in the range of
its d—d transition band of FcH12 Therefore, two different
dominant orientations were proposed for FcHH#CyD and in
y-CyD. The axial arrangement of ferrocene was attributed to
B-CyD and the equatorial one to the Fchi@yD complexit
This assignment was corroborated later by comparing the ICD
spectra of bridged ferrocenophanes in the preseng¢e@fD
with those of FcH ins- or y-CyD .13

The stoichiometry of the Fci@S-CyD complex in solution
was determined by the method of continuous variation (Figure
1).21 Its maximum at 0.5 clearly indicates a 1:1 stoichiometry.

The structure of the guest molectierrocenyl azide was
determined by X-ray single-crystal analysis (Figure 2).

Also of interest was the effect of the azido functional group
on the association constamit,j in comparison to unsubstituted
ferrocene. ICD titration in ethyl glycol afforded k&, for the
FcH@3-CyD complex at 510 M*.22 We determined, of the

AEMTem™

-0,02

-0,04 -

FIGURE 3. ICD signal dependence on the DMSO content (% v/v) of
the aqueous solutiorl. = 25 °C.

FcNs@p-CyD complex in ethylene glycol by two methods. An
iterative Scatchard pl&t based on ICD titrations afforded a
value of 180+ 5 M~1. Benesi-Hildebrand treatme#t of the
UV —vis titration data furnished a value of 19020 M~1. Thus,
the azido group causés, to be reduced by a factor of about 3.
The association constant for the Fcl3@yD complex in
DMSO has been determined at 40 and 60'Nby ICD and
cyclic voltametric titration, respectiveRp. Determination by
polarimetry afforded a value of 50 M.82 Moreover, the
association constant of the Fg®3-CyD complex was deter-
mined by us by!H NMR titration in DMSO+#; utilizing a
Benesi-Hildebrand plot. This led td; < 5 ML Thus, in
DMSO, FcN; is about 10 times more weakly bound than
unsubstituted FcH.

Next, the conformation of FcNin the 5-CyD cavity was
investigated. The polarization direction of the symmetry forbid-
den d-d band of FcH has been established by single-crystal

(15) Shimizu, H.; Kaito, A.; Hatano, MJ. Am. Chem. Sod982 104 UV —vis spectroscopy and was found to be_axiall along the
7059-7065. Cp—Fe—Cp vector of FcH? Inclusion of FcN gives rise to a

(16) If the chromophore transition dipole moment adopts this angle, zero negative ICD signal in DMSO/D = 50/50 (v/v), but a positive
rotatory strength was calculated. In a real solution, it may be assumed, No5ne in DMSO (Figure 3)
ICD signal should be observed, if the band of the guest's chromophore ’
would consist of only one single transition. And that despite of the presence
of a complex!

(17) (a) Kodaka, M.J. Am. Chem. Socl993 115 3702-3705. (b)
Kodaka, M.J. Phys. Chem. A998 102, 8101-8103.

(18) Bobek, M. M.; Krois, D.; Brinker, U. HOrg. Lett.200Q 2, 1999~
2002.

(19) (a) Zhang, X.; Nau, W. MAngew. Chem., Int. EQ00Q 39, 544~
547. (b) Mayer, B.; Zhang, X.; Nau, W. M.; Marconi, G. Am. Chem.
So0c.2001, 123 5240-5248. (¢) Zhang, X.; Gramlich, G.; Wang, X.; Nau,
W. M. J. Am. Chem. So@002 124, 254-263. (d) Bakirci, H.; Zhang, X.;

A negative band was also observed for ethylene glycol
solutions. In contrast, in all solvents studied, FcH produces a
positive ICD band (see the Supporting Information).

In accordance with Harata’s rule, from the band signs it can
be assumed that the transition dipole moment of the sFcN
molecule is oriented parallel to the principal axis®CyD in

(22) Sokolov, V. I.; Bondareva, V. L.; Golovaneva, |. Brganomet.

Nau, W. M.J. Org. Chem2005 70, 39—-46.

(20) (&) Ueno, A.; Moriwaki, F.; Osa, T.; Hamada, F.; Murai, K.
Tetrahedron Lett1985 26, 899-902. (b) Matsue, T.; Evans, D. H.; Osa,

T.; Kobayashi, NJ. Am. Chem. So&985 107, 3411-3417. (c) Kobayashi,
N.; Osa, T.Chem. Lett1986 421-424. (d) Kobayashi, N.; Osa, Bull.
Chem. Soc. Jpri.991], 64, 1878-1883. (e) Suzuki, |.; Chen, Q.; Ueno, A;;
Osa, T.Bull. Chem. Soc. Jpri993 66, 1472-1481.

(21) Gil, V. M. S.; Oliveira, N. CJ. Chem. Educl99Q 67, 473-478.

Chem. USSRENgI. Transl) 1989 2, 660-662.

(23) Krois, D.; Brinker, U. HJ. Am. Chem. Sod. 998 120 11627
11632.

(24) Benesi, H. A.; Hildebrand, J. H. Am. Chem. So&949 71, 2703~
2707.

(25) (a) Yamada, S.; Nakahara, A.; TsuchidaJRChem. Phys1954
22, 1620-1621. (b) Yamada, S.; Nakahara, A.; TsuchidapBRll. Chem.
Soc. Jpnl1955 28, 465-469.
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FIGURE 6. Temperature effect on the ICD spectra sign at a constant
solvent composition, DMSOMD = 62/38 (v/v), [FCN] = 0.0049 M,
[5-CyD] = 0.0496 M.

negative ICD signal at 62% of DMSO arose at random, the
measurement was conducted with a lower concentration of the
gomplex (Figure 5, inset, purple curve). No remarkable con-

FIGURE 4. Proposed orientation of ferrocenyl azide inside the
p-cyclodextrin cavity according to ICD. (A) axial, (B) equatorial
arrangement. The geometry of the complex components, each is base A k . .
on a single-crystal X-ray diffraction analysis (Experimental Section), Centration effect on the intensity change or wavelength shift
is shown. was observed.

It is well-known that solvents can control the orientation of
0,012 - 5% guest molecules within the CyD cavit§¢28 However, for a
ferrocenenoncazalently bound to cyclodextrin a solvent com-
position-dependent ICD signal sign reversal is described here
for the first time.

Next, the temperature effect on the ICD spectrum of the
FcNs@pB-CyD complex was investigated (Figure 6).

At 10 °C, the complex produces a positive ICD band within
the investigated wavelength range. A temperature increase up
to 40°C caused a continuous sign reversal with a final nearly
all negative ICD spectrum (Figure 6). Applying Harata’s rule,
it is assumed that at higher temperatures the ferrocenyl azide

-0,013 - A [nm] adopts preferentially an equatorial arrangement (Figure 4B) and
FIGURE 5. ICD signal dependence on the DMSO content (% v/v) of at lower temperatures an axial one (Flgure 4A) is favifert .
the aqueous solutioll. = 25 °C. The inset represents a comparison of ~2 °C, we deduce that the molecular axis of ferrocenyl azide
ICD spectra at equal DMSO content (62%) but with different adopts the “transit” angle. As mentioned above, population

0,007

'E 0,002
[*]

£..0,00339
<]

-0,008 -

concentration of the complex. contribution of two co-conformers might account for the ICD
) sign reversal as well.

ethylene glycol and DMSOA® = 50/50 (v/v) (Figure 4B), A temperature effect on the ICD spectra of ferrocene

whereas it is perpendicular for neat DMSO (Figure 43). covalently bound toB-CyD has already been describ@eTo

Other mechanisms could account for a ICD band reversal asthe pest of our knowledge, the here demonstrated temperature
well: in a dynamic equilibrium, two (or more) complex cO- effect on the orientation of aoncaalently bound guest inside
conformations can exist. Each one produces a different ICD 4 cyclodextrin has never been observed before.

band. The overlay of these bands is observed as an experimental | symmary, application of Harata’s rule on the

ICD spectrum. Dependent on the conditions, the differently Fen,@pB-CyD complex allowed inspection of the changes of
weighted populations of the co-conformers can_lead to an ICD the orientation of ferrocenyl azide inside tj#eCyD cavity
sign reversal as well as to a mutual cancellation of the ICD caysed by temperature and solvent property altering. At lower
signals. _ _ temperatures, ferrocenyl azide adopts axial inclusion, whereas
Figure 5 represents a search for a suitable ratio of DMSO gt higher temperatures an equatorial one is preferred. Enhancing
and HO in which the transition dipole moment adopts the
above-mentioned transit angle, at which no ICD signal should  (27) (a) Falk, H.; Hofer, OMonatsh. Chem1969 100, 1507-1514.
be observed. (b) Falk, H.; Lehner, HTetrahedron1971, 27, 2279-2291.
At 62% of DMSO, however, the signal splits into two (28) (a) Bortolus, P.; Monti, SJ. Phys. Chem1987 91, 5046-5050.

components with a trough at 455 nm and a hill at 500 nm. This (,\?;nfgrba}g\lﬂszh'b'_\."frgks)ghrscs?rgéh{i%i?egllgé g\éﬁgml_zggé‘sz,f%g%e

splitting is well-known, even from the spectroscopy of chiral 751-753. (d) Fornasier, R.; Parmagnani, M.; Tonellato,JUInclusion
ferrocenes and indicates participation of two transit®&nEo Phenom. Mol. Recognit. Chet91, 11, 225-231. (e) Tee, O. S.; Mazza,

exclude that the curve profile exhibiting a positive as well as a ?gogozano'Hemmer' R.; Giorgi, J. B.. Org. Chem.1994 59, 7602~

(29) For simplification, neglection of a temperature effect on the binding

(26) TheH NMR titration with 8-CyD in DMSO-ds caused a change constant was assumed. An increase of temperature could also bring about
of chemical shift of theo- and 5-protons of ferrocenyl azide speaking in  a relocation of the guest beyond or beneath the CyD’s cavity. Thus, the
favor of inner inclusion. Nevertheless, there exists a risk that the sign reversalfact that the observed ICD sign reversal may have originated from a
observed in the ICD spectra originates from a translation of the guest along translation of the guest along the principal axis of cyclodextrin ultimately
the principal axis of the cyclodextrin host. cannot be excluded.
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the DMSO content in aqueous DMSO solution invoked axial  Circular dichroism spectra were recorded in thermostat€ig
alignment, whereas a higher water content leads to an equatoriafC) quartz cuvettes (1 cm path length). For ICD, the integra-
one. In ethylene glycol, the proposed structure might be similar tion time was set to 1 s, and each spectrum was repeated four
to the one in DMSO/KD. Further insight into the co-con- times (ICD titrations) and two times for the temperature and sol-

formation variability should come from QM/MM calculations, vent dependencies. The averaged spectra were then smoothed
which are currently in progress. according to need and corrected to zero baseline at the longest

wavelength.
A 250 MHz NMR instrument was used for recorditid NMR
spectra at 27C. The residual solvent peak was set as a reference

The structures of the complexes presented in the Abstract graphic(PMSO, quintet,d = 2.50 ppm).
and in Figure 4 were drawn on the basis of the single-crystal X-ray
structure analysis of the complex components. The structure of Acknowledgment. This work was financially supported by
B-CyD was adopted from the literatuteFor the determination of ~ the Fonds zur Falerung der wissenschaftlichen Forschung in
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Supporting Information Available: CIF file of FcN; for the
crystallographic data, the Scatchard and Benklddebrand plots
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is available free of charge via the Internet at http://pubs.acs.org.
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