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Complexation and (Templated) Synthesis of Rhenium Complexes with
Cyclodextrins and Cyclodextrin Dimers in Water
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Abstract: Several small, lipophilic rhe-
nium complexes form inclusion com-
plexes with native S-cyclodextrin (8-

otherwise insoluble corresponding li-
gands. The influence of the reaction
time and temperature on the configura-

tion of the reaction products has been
investigated in depth for one of these
complexes. Using a B-CD dimer, it

CD) and S-CD dimers. Association
constants larger than 10°mM~! were ob-
tained using dimers. The use of 5-CD
also enabled the synthesis of these
rhenium complexes in water, in excel-

. . synthesis
lent yields, through complexation of the

Introduction

Much research has been done over the last decades on the use
of technetium and rhenium for radiopharmaceutical applica-
tions,!! because of the favorable nuclear properties and easy
availability of *mTc, 18°Re, and ¥ Re. Radiopharmaceuticals,
like other drugs, usually need to be water-soluble in order to
be of practical use. Furthermore, for practical reasons,
complexes generally must be synthesized under aqueous
conditions, starting from sodium perrhenate. The required
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proved possible to specifically template
the formation of one configuration. The

radio-
: strength of the complexes of the rheni-
rhenium - supra- . . A
um complexes in cyclodextrin dimers
templated

may allow radiolabeling of biomole-
cules.

water solubility limits the applicability of lipophilic, and hence
non-water-soluble complexes as well as the choice of ligands
that can be used for complex formation.

B-Cyclodextrin (5-CD, Figure 1) and CD dimers can be
used for the complexation of a variety of guest species.”!
Usually, complexation in a cyclodextrin cavity improves the

Figure 1. Structure of S-cyclodextrin (5-CD).

solubility of hydrophobic guests in water. Among the most
interesting applications of these inclusion complexes is their
use in medicine.’* The use of cyclodextrin derivatives in drug
delivery or controlled release systems is extensively studied,”]
as they are attractive carriers due to their low toxicity and the
possibility to tune their delivery properties through chemical
modification. Although the advantageous effects of CD
complexation of certain drugs have been described exten-
sively,1% examples of their use in combination with radio-
pharmaceuticals remain scarce.['" 1

In this article native 5-CD as well as 8-CD dimers are used
to form complexes with non-water-soluble rhenium com-
plexes in order to introduce the water solubility required for
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potential use as radiopharmaceuticals. Furthermore, native
B-CD has been used to synthesize a variety of rhenium
complexes in water by forming inclusion complexes with the
precursor ligands. This novel type of cyclodextrin mediated
synthesis"®l greatly improves access to lipophilic metal com-
plexes, which may be capable of crossing the blood—brain
barrier.l !l The effects of the reaction time and temperature
on the configurational distribution of one of these complexes
have been investigated in depth. Furthermore, an unprece-
dented stereoselective templation of the formation of a
complex has been accomplished by using a S-CD dimer.
Finally, the first results in the development of a novel,
supramolecular strategy for the radiolabeling of biomolecules
are presented.

Results and Discussion
Cyclodextrin complexes of rhenium compounds

Synthesis of the rhenium complexes: Ligands 5, 10a, 10b
depicted in Schemes 1 and 2 are all lipophilic and possess
moieties that are known to be included in CD cavities, as well
as an NS-bidentate ligand part that allows them to form
bis(bidentate) complexes with rhenium. Ligand 5 was synthe-
sized in five steps, starting from 4-nitrophenol (1) in an overall
yield of 66 %. Ligands 10a and 10b were synthesized in four
steps, starting from 1-bromoadamantane (7), with overall
yields of 67 and 53 %, respectively.

Using NBu,OAc and NaOAc as bases, the ethylene glycol
functionalized amidothiol ligand 5 was treated with ReO-
(PPh;),Cl; in methanol to give complex 6 (EG,Re) in 78 %
yield (Scheme 1). Its formation was clearly proven by its
'H NMR spectrum showing the signals of the AB system
belonging to the SCH,C(O)N protons, which are anisochro-
nous due to the presence of the oxo ligand on only one side of
the complex. Using the same conditions as for the formation
of EG,Re 6, the adamantoxyethyl functionalized complex 11a
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Scheme 2. Synthesis of the complexes AdEt,Re 11a and AdPr,Re 11b.

(AdEt,Re) was obtained in a yield of 36%. The 'H NMR
spectrum (Figure 2) shows that the magnetic shielding aniso-
chrony, caused by the oxo ligand, did not only give rise to the
appearance of an AB system for the SCH,C(O)N protons
(a/a’ in Figure 2), but resulted in different signals for all of the
NCH,CH,O protons (b/b’ and c/c’). Analogously, the ada-
mantoxypropyl functionalized complex 11b (AdPr,Re) was
obtained in 11 % yield. The magnetic shielding anisochrony in
the "TH NMR spectrum, as observed for the complex AdEt,Re,
could also be seen here. However, the two CH,O protons no
longer exhibited different chemical shifts, due to the increased
spacer length, which puts them further from the source of the
anisochrony (i.e., the oxorhenium core).

The trans configuration of compound AdEt,Re 11a was
proven by X-ray crystal structure determination. Crystals of
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Scheme 1. Synthesis of the complex EG,Re 6, see Figure 5 for (#).
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Figure 2. Part of the 'H NMR spectrum (CDCl;) of complex AdEt,Re
11a. Inset: part of complex 11a.

T T

AdEt,Re, obtained by slow evaporation of a methanolic
solution of AdEt,Re, contain two independent AdEt,Re
moieties (see Figure 3). One of these is coordinated to a
[Mg(MeOH),]** ion through the C=0O group, while the other
accepts a hydrogen bond of one of the hydroxyl groups of the
[Mg(MeOH),]** ion.l'] Both AdEt,Re moieties clearly show

Figure 3. One of the AdEt,Re moieties in the X-ray crystal structure of
11a. Counter-ion omitted for clarity.

that the two bidentate ligands are indeed coordinated to the
oxo rhenium core in the expected fashion, that is S trans to S
and N trans to N. Due to the strong structural resemblance of
the complexes and their similar NMR spectra, it is assumed
that also in AdPr,Re 11b the ligands adopt the same
configuration. Although no crystals were obtained of the
complex EG,Re 6, an X-ray crystal structure of a similar
complex displays the trans configuration.['"! Since this com-
pound and EG,Re only differ in the length of their chains, it is
very likely that also EG,Re adopts the trans configuration.

Synthesis of f-cyclodextrin dimers: Three different 2'-con-
nected 5-CD dimers have been used (Figure 4). The dimer
that contains a benzophenone spacer (f,benz, 12) was
prepared following a strategy, which involves the use of (-
cyclodextrin, which is protected at the primary side with tert-
butyldimethylsilyl (TBDMS) groups. Reaction of 4,4"-bis-
(bromomethyl)benzophenone with deprotonated TBDMS-4-
cyclodextrin followed by deprotection using tetrabutylammo-
nium fluoride in THF yielded the desired dimer. The synthesis
of dimers containing a dipropylamine spacer ($,dpa, 13) and a
dipropylaminodansyl spacer (f,dans, 14) has been reported
previously.['®]

Complexes with native f-cyclodextrin: EG,Re 6 was designed
to form a 1:2 inclusion complex with native -CD, through

Chem. Eur. J. 2001, 7, No. 16
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Bzdpa 13

B,dans 14

Figure 4. f-CD dimers used for the complexation of small rhenium
complexes.

complexation of the two ethylene glycol tails and the
connected aromatic rings, inside the $-CD cavities. EG,Re
could be dissolved in D,O at room temperature up to a
concentration of 1.0mm. Upon the addition of 5-CD distinct
changes in the '"H NMR spectrum of EG,Re were observed.
The signals for the two sets of aromatic hydrogens, which
happen to be isochronous for EG,Re, initially shift and then
separate to show the expected AB coupling pattern as the
concentration of 3-CD increases. This indicates the formation
of an inclusion complex of 3-CD and EG,Re.

NMR titration data for the complex of 3-CD and EG,Re
could be fitted well to a 2:1 binding model with stepwise
association constants of (1.9 £0.3) x 10°m~! and (1.0 +0.3) x
103m~! for the first and the second B-CD unit, respectively
(Figure 5).'1 Not only does this confirm the formation of the

0 0002 0004 0006 0008 0010 0012
[8-CD]/ M

Figure 5. Titration curve for the determination of the stepwise association
constants for the complexation of EG,Re by -CD. (e: experimental, —:
calculated). The proton of which the shift was followed is marked in
Scheme 1 (#).

three-component inclusion complex, which could be expected
based on the design of the guest, but it also shows the
independence of the 8-CD binding sites of EG,Re.
Compounds AdEt,Re 11a and AdPr,Re 11b, each bearing
two adamantyl moieties, were also designed to form a 1:2
inclusion complex with native §-CD, but with much higher
association constants. Typical association constants for the
complexation of adamantane moieties by native -CD are
known to be in the range of 10*-10°M LI Due to the
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insolubility of AdEt,Re and AdPr,Re in water, it was not
possible to perform a titration as was done in the case of
compound EG,Re 6. Although no association constant was
obtained, 11a and 11b could be made water-soluble by the
addition of S-CD. Complexation of the two adamantane
compounds by native $-CD was proven by 'H NMR spectros-
copy (ROESY), which showed strong ROE contacts between
the protons of the adamantane moieties and the protons H-3
and H-5, at the inside of the B-CD cavity. Part of a
representative ROESY spectrum, shown in Figure 6, clearly
shows the ROE contacts observed for the inclusion complex
formed between 11a and -CD.
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Figure 6. Part of the ROESY spectrum of the inclusion complex of
AdEt,Re 11a and $-CD (H-3 and H-5 are inner protons of 3-CD).

Complexes with #-cyclodextrin dimers: The three different 2'-
connected (-CD dimers which have been used possess
different properties. The 5-CD dimer f,benz 12 was designed
to form complexes with large hydrophobic guests by a
cooperative effect of the two -CD moieties. The benzophe-
none (benz) spacer makes this dimer rather rigid and hence
not very capable of adjusting itself to facilitate binding of
guest species that do not exactly fit. The second $-CD dimer,
B.dpa 13, was designed for similar purposes as dimer j3,benz.
However, its more flexible dipropylamine (dpa) spacer allows
it to adjust itself in order to facilitate binding of different guest
species. Finally, dimer ,dans 14, carrying a fluorescent dansyl
moiety, allows the determination of association constants
through fluorescence titrations.') When dissolved in water,
the dansyl moiety partly resides in the combined cavities of
the B-CD dimer. Upon complexation of a suitable guest
species, the dansyl moiety experiences another polarity of the
surroundings, leading to a change in fluorescence intensity.
The complexation behavior of EG,Re 6 with the $-CD
dimer fB,benz 12 was studied in water using the continuous
variation method (Job’s plot) (Figure 7).} The change in
chemical shift of H* (marked in Figure 7) relative to the
chemical shift for S,benz, divided by the maximal chemical
shift change, multiplied by the concentration of S,benz is a
measure for the concentration of supercomplex EG,Re C
p.benz. This was plotted against the molfraction of 5-CD
dimer (fB,benz). The plot shows a maximum close to 0.5,
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Figure 7. Job’s plot to determine the stoichiometry of the inclusion
complex of EG,Re 6 with ,benz 12. The shift of the aromatic protons
ortho to the carbonyl of the benzophenone spacer of 12 was followed.

proving the expected 1:1 stoichiometry.?! The corresponding
association constant is (5.5 +£0.6) x 10°m~!, showing a weakly
cooperative binding when compared to the binding in native
B-cyclodextrin.

The most likely mode of complexation would be the
threading of the ethylene glycol tails through the S-CDs,
followed by binding of the aromatic rings inside the 5-CD.P!
Although both components show substantial changes in their
'"H NMR signals upon complexation of EG,Re by dimer
f,benz, no NOE contacts between EG,Re and S,benz could
be observed. This is probably due to a rather loose fit of
EG,Re in f,benz, as also suggested by the moderate
association constant and the weak cooperative effect. Al-
though no conclusive structural information could be ob-
tained for the superstructure of EG,Re C f,benz, the large
chemical shifts observed upon mixing of EG,Re and f,benz
and the observed 1:1 stoichiometry, strongly suggest that
complexation occurs inside the 5-CD cavities.

Due to the aforementioned insolubility of complex
AdEt,Re 11a in water, no 'H NMR titration experiments
could be performed to determine the binding constants of
AdEt,Re with $-CD dimers f,benz (12) and f,dpa (13).
However, 'TH NMR experiments showing strong NOE con-
tacts between the protons of the adamantane moieties and the
protons H-3 and H-5 on the inside of the 5-CD moieties of
both dimers, proved the formation of the supercomplexes
AdEt,Re C f,benz and AdEt,Re C f,dpa. To be able to
determine the association constant for the complexation of
AdEt,Re 11a by a -CD dimer, dimer f,dans 14 was used.
With a structure comparable to that of the dimer 5,dpa 13, the
two dimers should display similar binding behavior. The
presence of a fluorescent probe in ,dans 14 makes it possible
to determine association constants by means of a series of
fluorescence titrations. They were performed in different
water/methanol mixtures, since complex AdEt,Re 11a could
be dissolved in mixtures with up to 80% water. Similarly,
association constants were determined for AdPr,Re 11b,
which differs from AdEt,Re 11a only in the length of the
carbon chains linking the adamantane moieties to the ligating
part of the complex. The association constants found for the
complexation of the bis(adamantane) guests by the 5-CD
dimer ranged from about 10°M~! in MeOH/H,O 50:30 to
about 108M~! in MeOH/H,O 20:80.1%
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The influence of a binary solvent medium on the associa-
tion constants for binding of a guest by 5-CD has been studied
by Connors et al., who dissected the free energy change for
complex formation in contributions stemming from solvent —
solvent interactions (the general medium effect), solvent-—
solute interactions (the solvation effect), and solute —solute
interactions (the intersolute effect).?! In order to find the
association constant for the binding of the bisadamantane
guest by the CD dimer in 100 % water, an extrapolation of the
binding constants observed in the methanol/water mixtures is
needed. Of the three factors described by Connors et al., the
part describing the solvent—solvent interactions can be used
as is, since in both cases a methanol/water system is studied.
Although the system described by Connors et al. deals with
complexation of a guest by a-CD, the interactions between (-
CD (used here) and the solvents are here assumed identical.
Since the factor describing the solute —solute interactions is
considered to be independent of the medium (i.e., the AG of
complex formation in pure water), it is possible to fit a curve
to the experimental datapoints, which can be extrapolated to
give the association constant in 100 % water. Both in the case
of AdEt,Re 11a and AdPr,Re 11b, the same set of
parameters®! was used to fit the curves to the datapoints
(Figure 8).

10.07 + log KAdEt,Re exptl
....... log K AdEt,Re fit
9.09- o log KAdPr,Re exptl
2 —log KAdPr,Re fit
X’ 8.0
[=23
o
7.0
6.0 ©
5.0 T T !
o} 60

0 40
vol. % MeOH

Figure 8. Determination of the association constants for the complexation
of AdEt,Re 11a and AdPr,Re 11b, by 5-CD dimer f,dans 14.

By extrapolation of the curve, a K value of ~10°m~! for the
complexation of AdEt,Re 11a by f,dans 14 in 100 % water
(Figure 8) was found. This indeed shows that the adapted
design of the guest (i.e., the introduction of the more bulky
adamantane moieties) results in a dramatic increase in the
association constant. A determination of the association
constant for the complexation of AdPr,Re 11b by f,dans 14
in 100% water, again through extrapolation, resulted in a
higher association constant (Figure 8).%°1 From this, it is clear
that fine-tuning of the association constant is possible by
relatively small adjustments to the structure of the guest. It
was found that the association constants for guests in dimer
pB.dpa 13 are generally larger than those obtained using dimer
p,dans 14, owing to enhanced cooperativity of the cavities in
13.0%1 With binding constants of this magnitude, supercom-
plexes such as AdEt,Re C f,dpa rather than the “guest
complex” AdEt,Re 11a may be considered the actual radio-
pharmaceutical.l’]

Chem. Eur. J. 2001, 7, No. 16
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These results show that several non-water-soluble and
inherently lipophilic rhenium complexes can be made water-
soluble by the addition of $-CD, thus widening the range of
complexes that can be used in nuclear medicine. The
numerous possibilities to tune the strength of the association
complexes offer interesting opportunities for the controlled
release of radiopharmaceuticals.*]

Cyclodextrin-mediated complex formation: In nuclear med-
icine, complexes must be synthesized starting from an
aqueous solution of sodium perrhenate, as this is the sole
source of ¥8Re. Like the analogous technetium(v) gluco-
nate,”” thenium(v) gluconatel®! is often used as a precursor
for the preparation of rhenium(v) complexes. Exchange
reactions with appropriate ligands may be carried out in
aqueous or aqueous/organic solutions and the resulting Re
complexes are, as a rule, of high (radiochemical) purity.
However, the required water solubility limits the use of
lipophilic ligands. Cyclodextrins are known to mediate a
variety of organic reactions,[¥! but to the best of our knowl-
edge they have so far not been used to mediate the formation
of otherwise water insoluble metal complexes. Here we
present the cyclodextrin mediated formation of metal com-
plexes of water insoluble ligands in aqueous solution, starting
from the precursor rhenium(v) gluconate.?’)

Native CD-mediated synthesis: Being slightly water-soluble,
the NS ligand functionalized with an ethylene glycol chain §
could be used to synthesize the complex EG,Re 6 under
aqueous conditions. Hereto a rhenium gluconate solution was
adjusted to pH 10 by 1N NaOH and the ligand 5, dissolved in a
minimal amount of MeOH, was added. After 1h, one
equivalent of NBu,Cl was addedP®” and the mixture was
extracted with chloroform to give analytically pure EG,Re 6
in good yield (83%). In order to perform the reaction in the
absence of any organic solvent, the ligand 5§ was dissolved in
pure water as its 5-CD complex. Performing the complex
formation as described above (1h, RT) resulted in the
isolation of EG,Re in even higher yield (93 %). Analysis of
both products proved them identical to the ones synthesized
in organic solvents.

The more lipophilic adamantane ligand 10a could only be
dissolved in water by complexing it with 8-CD. Performing the
reaction as described above (1 h, RT) resulted in the isolation
of a mixture of two products in an overall yield of 95 %. These
products could not be separated, so analyses were done on the
mixture, rather than the pure compounds. The 'H NMR
spectrum showed that one of these products was identical to
AdEt,Re (11a) when synthesized in organic solvents. The
other product displayed very similar signals, but at different
positions.B! Both FAB-MS and elemental analysis indicated a
composition identical to AdEt,Re. This strongly suggests that
the second product is the cis configuration of complex
AdEt,Re.P2l The formation of both isomers of complex
AdEt,Re (i.e., trans-11a and cis-11a) is depicted schemati-
cally in Scheme 3. The ratio of cis-AdEt,Re:trans-AdEt,Re,
as determined by integration of their 'H NMR signals, was
15:85 (entry 1, Table 1).
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Scheme 3. -CD facilitated formation of AdEt,Re (cis and trans).

Table 1. Relative yields of cis-AdEt,Re (cis-11a) and trans-AdEt,Re
(trans-11a) for different ¢ and T (total yields for all entries > 95%).

t, [h] T, [°C] 1, [h] T, [°C] % cisl?l % trans!d)
1 1 RT - - 15 85
2 1 0 - - 51 49
3 1 0 1.5 0 22 78
4 1 0 1.5 55 6 94
5 1 55 1.5 55 <1 >99

[a] Determined by '"H NMR; error + 2%.

To investigate the time and temperature dependence of this
ratio, the same reaction was performed for different times and
at different temperatures, keeping all other conditions the
same (Table 1). For all entries the total yield of isolated
complex (cis+trans) was >95%. A comparison of entries 2
and 3 shows that an increase in reaction time results in a shift
in the ratio cis-AdEt,Re:trans-AdEt,Re in favor of the latter;
this indicates that the cis product is converted into the trans
product.

A comparison of entries 3 and 4 shows that the cis/trans
conversion proceeds faster at elevated temperatures. Finally,
entry 5 shows that when the reaction is carried out at 55 °C for
the whole 2.5 h the trans product is formed almost exclusively.
Apparently, the complex formation reaction initially gives a
mixture of the cis and trans products, followed by complete
conversion into the thermodynamically more stable trans
product. Applying the same reaction conditions (i.e., 2.5 h at
55°C) to the formation of AdPr,Re 11b in water, starting
from the ligand 10b, gave exclusively the expected trans
complex in 95 % yield.

Refluxing a chloroform solu- ¥
tion of the cis/trans mixture of /‘[— j/\
entry2 for a period of 5h N
(61°C) did not result in a
change in the ratio of cis-
AdEt,Re:trans-AdEt,Re. Re-
dissolving the same mixture in
a basic solution of B-CD and
sodium gluconate and stirring

3608
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0 this at 0°C for 1.5 h, resulted in
a cis to trans ratio of 25:75.

NS Having undergone identical re-
e action periods and times as
N s .
\ / those used for entry3 (i.e.,
o>/ 1h+1.5h at 0°C), this sample
) shows a ratio that is in good
cis-11a

agreement with the ratio ob-
served for entry 3. Redissolving
o several cis:trans mixtures in

T By aqueous solutions only contain-

N\ﬁ/s ing $-CD (i.e., no sodium gluc-

A onate and NaOH) and stirring
S

U for 24 h at room temperature,

éo never resulted in a change of

trans-11a these ratios. These results clear-

ly show that the cis/trans con-

version can only take place

under the reaction conditions
used for the complex formation and that when a mixture is
isolated and subsequently resubjected to these reaction
conditions this conversion can again continue to take place.
This strongly suggests the fast formation of a kinetic product
or product mixture that is unstable under the reaction
conditions, allowing it to be slowly interconverted to the
thermodynamic product.

P-CD dimer templated synthesis: Owing to the orientation of
the -CD cavities of the dimers, they should be capable of
preorganizing two molecules of the bidentate ligand 10a in
such a way that complex formation can only take place in a
trans fashion rather than a cis fashion (Scheme 4).7 To
investigate whether $-CD dimer f,dpa 13 could indeed
templateP* the formation of trans-AdEt,Re, trans-11a, a
reaction was performed under exactly the same conditions as
used for entry2 of Table 1, but using S-CD dimer S,dpa
instead of native 5-CD (0.55 equiv per ligand). Whereas for
entry 2 the cis to trans ratio was 51:49, the '"H NMR spectrum
of the obtained product, using the 3-CD dimer S,dpa (0°C,
1 h), showed 100% of the trans product and no detectable
signals of the cis product. The complex was obtained in 96 %
yield and the template f,dpa, used in this reaction, could be
recovered in 83 % yield by dialysis of the aqueous phase. This
excellently proves that 3-CD dimer f,dpa is an efficient and
reusable template for the formation of a metal complex. To
the best of our knowledge, this is the first example of a
stereoselective complex formation that is templated by a
supramolecular system.

K

trans-11a

N\ﬁ/_‘
%U@

o)

Scheme 4. Templated formation of trans-AdEt,Re 11a by 5-CD dimer ,dpa 13.
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In all cases described, the yields for cyclodextrin-mediated
rhenium complex formation in water are much higher than
those for the synthesis of the same complexes in organic
solvents. This clearly demonstrates cyclodextrin-mediated
synthesis to be a powerful new tool, granting easy access to
a range of lipophilic rhenium complexes that can be further
extended by using a- or y-cyclodextrin. The rapid reaction
and absence of impurities render this method interesting for
radiopharmaceutical applications, as these characteristics
reduce loss of radioactivity to a minimum. Adding to the
versatility of the method is the control over the stereo-
chemistry of the product. The trans isomer of the complex can
be obtained exclusively by performing the reaction at
elevated temperatures. If heating is prohibited because the
ligand systems used are prone to decomposition or racemi-
zation, a 8-CD dimer may be used to template the formation
of this isomer. Conversely, shorter reaction times or CD
dimers with another geometry may enable the isolation of the
cis complex.

A mixed ligand complex: Katzenellenbogen et al.?> ] have
described the preferential formation of heterodimeric bis-
(bidentate) rhenium and technetium complexes in organic
solvents. To investigate the possibility of synthesizing this type
of complexes in water, and to see whether the same
preferences could be observed when performing S-CD
facilitated rhenium complex formations, the synthesis of the
neutral heterodimeric bis(bidentate) N,S, rhenium complex
AdPr-Pyr-Re 18 was carried out.

Hereto the bidentate pyridine ligand 17 was synthesized in
two steps, starting from 2-picolyl chloride 15 (Scheme 5).

10b, ReO(PPh),Cl

\ Xy KeCOs X NaOAc (45%)
. - -
7 8% 8% NZ or: 10b, B-CD, Re(gluc),,
NaOH (79%)
15 16 17

Scheme 5. Synthesis of the neutral heterodimeric bis(bidentate) N,S, rhenium complex AdPr-Pyr-Re 18 in

organic solvents and in water.

Using equimolar amounts of the ligands 17 and 10b, the
heterodimeric bis(bidentate) rhenium complex 18 was first
synthesized in organic solvents (MeOH/CHCL;). The 'H NMR
spectrum of the crude reaction product showed that three
bis(bidentate) complexes (i.e., AdPr-Pyr-Re 18, AdPr,Re
11b, and Pyr,Re) had been formed, their ratios being about
10:1:1 (as estimated from the '"H NMR spectrum). The desired
complex AdPr-Pyr-Re 18 was obtained in 45% yield after
flash column chromatography®* 3 and its '"H NMR spectrum
(Figure 9) clearly displayed the expected two AB systems
belonging to the SCH, protons of both the adamantane and
the pyridine ligand in a 1:1 ratio. Since the pyridine ligand
only carries one negative charge, the resulting complex is
neutral, rather than mono-anionic as was the case for the
previously described N,S, complexes.

By adding $-CD, the ligands 17 and 10b could be dissolved
in water,®! making it possible to form AdPr-Pyr-Re 18 in
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Figure 9. 'H NMR spectrum in CDCl; of complex AdPr-Pyr-Re 18.

water with rhenium(v) gluconate as a precursor complex. To
avoid the formation of mixtures of cis and trans complexes,
the reaction mixture was stirred at 55°C for 5 h (see above).
The 'H NMR spectrum of the crude reaction product again
showed the formation of all three bis(bidentate) complexes in
ratios similar to those observed when performing the syn-
thesis in organic solvents. However, due to the nearly
complete absence of side products,*) the desired product
AdPr-Pyr-Re 18 could be obtained in 79 % yield after flash
column chromatography. Analysis proved it to be identical to
the complex obtained by synthesis in organic solvents.
Confirmation for the trans configuration of the complex
AdPr-Pyr-Re 18 came from its X-ray crystal structure (Fig-
ure 10). This clearly shows the orientation of the two
bidentate ligands, resulting in an N frans to N and S trans to
S arrangement around the oxo rhenium core.
Although the observed preferential formation of the
heterodimeric bis(bidentate) complex 18 was not as strong
as observed by Katzenellenbo-
gen et al. (99 % formation of the

] heterodimeric  bis(bidentate)

N complex),?>31 a strong prefer-

(/NI ence can still be observed. Per-
I . o

s N i\ forming the reaction in water

apparently does not change the
general preference to form the
mixed ligand complex.

AdPr-Pyr-Re 18

Supramolecular labeling of biomolecules: The known bene-
ficial properties of cyclodextrins for pharmaceutical applica-
tions have prompted research efforts to go one step further. In
combination with other carrier materials cyclodextrins may
offer the possibility to deliver drugs to a targeted site. Several
large biologically active peptides have been coupled to

Figure 10. One of the independent AdPr-Pyr-Re molecules in the X-ray
crystal structure of the heterodimeric bis(bidentate) rhenium complex 18.
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cyclodextrins.*!l If a spacer is
introduced, neither the interac-
tion of the peptide with its
receptor nor the guest binding
ability of the cyclodextrin are
influenced substantially.[*] In
nuclear medicine, target-specif-
ic radiopharmaceuticals are
synthesized through both pre-
and postlabeling of biomole-
cules.™ Although widely used,
both methods have the inherent
disadvantage, that a certain de-
gree of radiolysis of the biomo-
lecules will occur since both
radioisotope and biomolecule
will be present in relatively high
concentrations for an extended
period of time (i.e., the time =,
required for the conjugation or g
chelation step, respectively).

The results presented here so
far may offer the possibility of a
novel, supramolecular ap-
proach toward the radiolabel-
ing of biomolecules. Hereto a
cavity-containing moiety, that is
a CD containing functionality (Scheme 6) is first linked to a
biomolecule. The actual labeling step is now the complexation
of a small radioisotope complex, which can be synthesized
separately. As the complexation will take place almost

not to scale).

chelation o
»

inclusion

Ia_beling

conjugation
A -
>

Scheme 6. Supramolecular labeling approach.

instantaneously, this approach has the potential to decrease
damage to the biomolecule to an absolute minimum. In order
for this approach to be successful, a strong complex between
the cavity-containing molecule and the radiopharmaceutical
is necessary to prevent rapid dissociation of the complex.

Bioconjugation of a f-CD dimer: Biomolecules are often
coupled through the reaction between a thiol and a malei-
mide,*! usually after coupling of these moieties to free amino
groups of lysine residues. Thus, the amino group of dimer
P.dpa 13 was functionalized with a thiol group by reaction
with the N-hydroxysuccinimide ester of S-acetylthioacetic
acid (SATA), followed by basic hydrolysis of the thioester,
using NH,OH, to give 19 (Scheme 7).[4]

Cytochrome C (Cyt C), although not a protein used in drug
targeting, was used as a model biomolecule because of the
high purity in which it is commercially available. The bifunc-
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Scheme 7. Synthesis of the cytochrome C/$-CD dimer conjugate, Cyt C/f,dpa 21 (schematical representation,
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Gyt &/ fidpa 21

tional reagent succinimidyl 6-(N-maleimido)-n-hexanoate
(MHS) was linked to Cyt C by reaction with free lysine NH,
moieties.* After reaction with an excess of MHS, the Cyt C
was purified using a PD-10 desalting column packed with
Sephadex G-25. Subsequently, the thiol-functionalized 5-CD
dimer 19 was treated with the maleimide-functionalized
Cyt C, followed by dialysis (cutoff My, ~10000) to give the
dimer functionalized Cyt C 20.

The MALDI-TOF spectrum showed a large cluster of
signals around m/z 13301, belonging to Cyt C functionalized
with an average of five maleimide moieties. A smaller signal
cluster around m/z 15868 corresponds to Cyt C with five
maleimide moieties and one 5-CD dimer (calcd mass 15858);
this indicates that the strategy to functionalize Cyt C was
indeed successful. Microcalorimetric titrations showed that
the first additions of a known ditopic guest for cyclodextrin
(sodium deoxycholate) to the mixture obtained caused larger
exothermic heat effects than the reference experiments,
strongly suggesting inclusion of the guest by the cyclodextrin
dimer. Although binding constants could not be obtained due
to the unknown ratio of functionalized to non-functionalized
Cyt C, this proves the principle of the supramolecular labeling
of radiopharmaceuticals.

Conclusion

Several small rhenium complexes, synthesized in organic
solvents, have been shown to form inclusion complexes with
native f-CD, thus becoming water-soluble. Several (-CD
dimers form 1:1 inclusion complexes with these rhenium
complexes, with association constants >10°M~! for the super-
complex AdPr,Re C f5,dans.
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Water-solubilizing only the ligands has been shown to be a
powerful new tool for the synthesis of very lipophilic rhenium
complexes, affording high yields without the need for tedious
purification steps. Through cyclodextrin mediated synthesis,
homo- as well as heterodimeric bis(bidentate) rhenium
complexes could be synthesized, as was proven by their
X-ray crystal structures. Variation of reaction time, reaction
temperature, or the cyclodextrin derivative used provided
excellent control over the configuration of the rhenium
complex obtained. Using a cyclodextrin dimer afforded the
first example of a stereoselective formation of a metal
complex that is templated by a supramolecular system. The
high degree of configurational control might make this an
interesting new tool not only in pharmacology, but also in the
field of coordination chemistry in general. The use of different
ligands and of a- and y-CD can further widen the scope of this
approach.

Finally, the use of very strong supercomplexes such as those
presented here could be the basis for a novel, supramolecular
method for the labeling of biomolecules.

Experimental Section

General information: NMR experiments were performed using a Varian
Unity 400 WB NMR spectrometer operating at 400 and 100 MHz for the
'H and *C nuclei, respectively. All spectra were recorded in CDCl;. 'H,
BC, COSY,“! clean-TOCSY (MLEV17),#l NOESY,® and HMQCH)!
experiments were used for the assignment of the 'H and “C NMR
resonances. All 2D spectra were collected as 2D hyper-complex data.[>!
After weighting with shifted sine-bell functions, the COSY data were
Fourier transformed in the absolute value mode while the clean-TOCSY
(MLEV17) and HMQC data were transformed in the phase-sensitive
mode. All data processing was performed using standard Varian VnmrS/
VnmrX software packages. COSY and TOCSY spectra were accumulated
typically with 256 increments and 32 scans per increment. In the clean-
TOCSY experiments the mixing time of the MLEV17-pulse was arrayed
between 30 and 100 ms; in the NOESY experiments mixing times of 30 to
90 ms were applied. Routine experiments were recorded on a Varian Inova
NMR spectrometer operating at 300 and 75.5 MHz for 'H and C,
respectively. All spectra were recorded in CDCl; unless otherwise stated.
Residual solvent protons were used as internal standard and chemical shifts
are given in ppm relative to tetramethylsilane (TMS). Fast atom bombard-
ment (FAB) mass spectra were measured on a Finnigan MAT 90
spectrometer using m-nitrobenzyl alcohol (NBA) as a matrix. Identifica-
tion of the Cyt C compounds was performed by matrix assisted laser
desorption ionization (MALDI) time-of-flight (TOF) mass spectrome-
tryl-3 using a PerSeptive Biosystems Voyager-DE-RP MALDI-TOF
mass spectrometer (PerSeptive Biosystems, Inc., Framingham, MA, USA)
equipped with delayed extraction.™ A 337nm UV Nitrogen laser
producing 3 ns pulses was used and the mass spectra were obtained both
in the linear and reflectron mode. Mass assignments were performed with
unmanipulated spectra (no smoothing or centering, etc.) for an optimal
correlation between observed and calculated masses.

All solvents were purified by standard procedures. All other chemicals
were analytically pure and were used without further purification. All
reactions were carried out under an inert argon atmosphere. The presence
of solvent in the analytical samples was confirmed by 'H NMR spectro-
scopy. Melting points (uncorrected) of all compounds were obtained on a
Reichert melting point apparatus. The synthesis of compounds 13 (5,dpa)
and 14 (B,dans) was published elsewhere.['%! 4 4'-Bis(bromomethyl)benzo-
phenonel® and TBDMS-protected S-cyclodextrin®® were prepared by
literature procedures.

EG-NO, (2):5"l A mixture of nitrophenol (5.60 g, 40 mmol), 2-bromoethyl-
ethyl ether (12.24 g, 80 mmol), and potassium carbonate (11.04 g, 80 mmol)
in CH;CN (200 mL) was heated under reflux overnight, after which the
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solvent was evaporated. The remaining solid was taken up in CH,Cl,
(500 mL) and 1nx HCI (500 mL). The organic layer was washed with IN
HCI (2 x 250 mL), water (250 mL), and brine (250 mL). After evaporation
of the solvent, the remaining solid was recrystallized from CH,Cl,/hexane
to give 2 as light gray needles (7.5 g,89 % ). M.p. 156-158°C; 'HNMR: d =
821 (d, J=8.7 Hz, 2H; ArH), 6.98 (d, J=8.7 Hz, 2H; ArH), 421 (t, /=
5.1 Hz, 2H; OCH,), 3.80 (t,/ = 5.1 Hz, 2H; CH,0), 3.62 (q,/ = 6.9 Hz, 2H;
CH,CH,), 1.25 (t, J=6.8 Hz, 3H; CH,); *C NMR: 6 =165.1, 142.0, 125.9,
114.2, 69.2, 677, 66.7, 15.1; FAB-MS: m/z (%): 211.2 (100) [M]*; elemental
analysis calcd (%) for C;(H;3NO, (211.1): C 56.87, H 6.20, N 6.63; found: C
57.03, H 6.35, N 6.49.

EG-CI (3): A suspension of 10% Pd/C (200 mg) in CH,Cl, (200 mL) was
stirred for 30 min under a H, atmosphere. A solution of 2 (2.11¢g,
10.0 mmol) in CH,Cl, (50 mL) was added and the reaction was stirred
under a H, atmosphere at RT for 12 h. Subsequently, Et;N (1.21g,
12.0 mmol) was added, and a solution of chloroacetyl chloride (1.34 g,
12.0 mmol) in CH,Cl, (50 mL) was added dropwise, and stirring was
continued under a H, atmosphere for another 12 h. The suspension was
filtered over Celite and the filtrate was washed with 1N HCI (2 x 150 mL),
water (150 mL), and brine (150 mL), after which it was dried using MgSO,.
Evaporation of the solvent gave crude 4, which was purified by column
chromatography (silica gel, CH,Cl,/MeOH 99:1) to give analytically pure 3
as a light brown solid (2.7 g, 82 %, based on 2). M.p. 132-134°C; 'H NMR:
0=8.19 (brs, 1H; NH), 742 (d, J=8.8 Hz, 2H; ArH), 6.91 (d, /=8.8 Hz,
2H; ArH), 4.16 (s, 2H; CH,Cl), 4.11 (t, /=5.1 Hz, 2H; OCH,), 3.78 (t,/ =
5.1 Hz, 2H; CH,0), 3.61 (q, J=6.9 Hz, 2H; CH,CH3;), 1.24 (t, /= 6.8 Hz,
3H; CH;); "C NMR: 6 =163.7, 156.3, 129.9, 121.9, 115.0, 68.8, 67.7, 66.8,
42.8, 15.1; FAB-MS: m/z (%): 2574 (100) [M]*; elemental analysis calcd
(%) for C;,H;4CINO; (257.1): C 55.93, H 6.26, N 5.43; found: C 55.78, H
6.21, N 5.40.

EG-SC(O)CH; (4): A solution of 3 (2.00 g, 7.78 mmol) in DMF (50 mL)
was added dropwise to a suspension of potassium thioacetate (1.05 g,
9.34 mmol) in DMF (10 mL). The solution was stirred overnight in the
dark, after which time CH,Cl, (250 mL) was added. The solution was
washed with 1N HCI solution (5 x 200 mL), water (200 mL), and brine
(200 mL). After drying with MgSO,, the solvent was removed in vacuo, to
afford pure 4 as a light brown oil (2.2 g,95%). '"HNMR: 6 =7.83 (brs, 1H;
NH), 7.39 (d, J=8.7 Hz, 2H; ArH), 6.96 (d, J=8.7 Hz, 2H; ArH), 4.09 (t,
J=5.1Hz,2H; OCH,), 3.77 (t,/=5.1 Hz, 2H; CH,0), 3.60 (q, /= 6.9 Hz,
2H; CH,CH,), 3.52 (s, 2H; CH,S), 2.29 (s, 3H; CH3;), 1.22 (t, J=6.8 Hz,
3H; CH;); BC NMR: d =195.0, 166.5, 155.8, 129.7, 121.7, 114.9, 68.9, 67.6,
66.8, 42.7, 32.6, 15.2; FAB-MS: m/z (%): caled for C,;H;()NO,S: 297.1,
found: 297.3 (100) [M]*.

EG-SH (5): A solution of 4 (1.00 g, 3.37 mmol) in MeOH (50 mL) was
added to a solution of potassium carbonate (2.07 g, 15 mmol) in water
(25 mL). N, gas was bubbled through the mixture for 20 min, after which
time the solution was heated under reflux for 20 min. After the solution had
cooled down to RT, 2x HCl solution (200 mL) was added, and the solution
was extracted with CH,Cl, (2 x 100 mL). After washing the combined
organic layers with water (100 mL) and brine (100 mL), they were dried
with MgSO, and evaporated to dryness in vacuo, to give 5 as a brown solid,
which was used immediately, without any further purification (0.82 g,
95%). 'THNMR: 0 =7.54 (brs, 1H; NH), 741 (d,/ =8.7 Hz, 2H; ArH), 6.91
(d,J=8.7Hz,2H; ArH),4.10 (t,/ =5.1 Hz,2H; OCH,), 3.80 (t,/ = 5.1 Hz,
2H; CH,0), 3.59 (q, /=6.9 Hz, 2H; CH,CH,), 3.28 (d, /=8.7 Hz, 2H;
CH,S), 1.92 (t, J=8.7 Hz, 1H; SH), 1.23 (t, /= 6.9 Hz, 3H; CHj;).

EG;Re (6)

i) in organic solvents: N, gas was bubbled through a mixture of 5 (0.53 g,
2.00 mmol), NBu,OAc (0.27 g, 0.90 mmol), and NaOAc (0.32 g, 4.00 mmol)
in MeOH (50 mL) for 20 min, after which time the solution was heated
under reflux for 15 min. ReO(PPh;),Cl; (0.76 g, 0.90 mmol) was added,
together with CHCIl; (50 mL), and the solution was again heated under
reflux for 5 h. After addition of CHCl; (250 mL), the mixture was washed
with IN HCI (250 mL), water (250 mL), and brine (250 mL). Column
chromatography (silica gel, CH,Cl,/MeOH 9:1) gave 6 as a brown-red oil
(0.67 g, 78%). '"H NMR (CDCly): 6 =7.15/6.91 (2d, J=8.6 Hz, 2 x4H;
ArH), 4.13 (t, J=5.0 Hz, 4H; ArOCH,), 3.83/3.69 (ABq, J=17.7Hz, 2 x
2H; CH,S), 3.86 (m, 4H; ArOCH,CH,), 3.60 (q, /J=70Hz, 4H;
OCH,CH;), 2.94 (m, 8H; NCH,), 1.47 (m, 8H; NCH,CH,), 1.34 (m, 8H;
CH,CH;), 124 (t, J=6.9Hz, 6H; OCH,CH,), 0.97 (t, J=73Hz, 12H;
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CH,CH,); 'H NMR (400 MHz, D,0, 30°C): 6 =708 (m, 8H; ArH), 4.17
(m, 4H; ArOCH,), 3.86/3.74 (ABq, %oz = 15.2 Hz, 2 x 2H; CH,S), 3.82 (m,
4H; ArOCH,CH,), 3.61 (q, J=6.8 Hz, 4H; OCH,CH;,), 321 (m, 8H;
NCH,), 1.57 (m, 8H; NCH,CH,), 1.25 (m, 8H; CH,CHS,), 1.13 (t,/ = 6.8 Hz,
6H; OCH,CH), 0.85 (m, 12H; CH,CH,); *C NMR: 6 = 195.7, 155.9, 1475,
129.6, 113.5, 69.1, 67.5, 66.8, 58.6, 39.0, 23.8, 19.7, 15.2, 13.6; FAB-MS: m/z
['®"Re, correct isotope pattern], (%): 709.5 (100) (negative mode, [M —
NBu,]"), 242.1 (100) (positive mode, [NBuy]*).

ii) in water: A NaRe(gluc), solution (2.8 mL, 0.19 mmol), adjusted to
pH 10 by the addition of 1N NaOH (aq), was added to a nitrogen flushed
solution of 5 (0.10 g, 0.38 mmol) in water (100 mL). The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 1 h at
RT. NBu,OAc (0.06 g, 0.19 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried using MgSO,. The
solvent was removed under reduced pressure, giving 6 as a brown-red oil
(0.15 g, 83 % ). Characterization proved it to be identical to 6 synthesized in
organic solvents.

iii) in water with native f-CD: A NaRe(gluc), solution (14.84 mL,
0.66 mmol), adjusted to pH 10 by the addition of 1IN NaOH (aq), was
added to a nitrogen flushed solution of S-cyclodextrin (2.90 g, 2.55 mmol)
and 5 (0.54 g, 2.04 mmol) in water (200 mL). The resulting mixture was
flushed with nitrogen for an additional 5 min and then stirred for 1 h at RT.
NBu,OAc (0.20 g, 0.67 mmol) was added and the mixture was extracted
with CH,Cl, (3 x 100 mL). The combined extracts were washed with water
(250 mL) and brine (250 mL) and dried using MgSO,. The solvent was
removed under reduced pressure, giving 6 as a brown-red oil (0.58 g, 93 %.
Characterization proved it to be identical to 6 synthesized in organic
solvents.

AdEt-Cl (8a): According to a literature procedure,” 1-bromoadamantane
(7) and 2-aminoethanol were combined. The exclusive substitution
described on oxygen rather than nitrogen was not observed. Instead, a
3:1 mixture was obtained. To this mixture (0.5 g, 2.56 mmol) and Et;N
(0.51 g, 5.13 mmol) in CH,Cl, (25 mL) was added dropwise a solution of
chloroacetyl chloride (0.76 g, 6.66 mmol) in CH,Cl, (25 mL). After stirring
overnight at RT, the solution was washed with 2x HCI solution (3 x
100 mL), water (100 mL), and brine (100 mL). After drying with MgSO,,
the solvent was removed in vacuo, to afford a mixture of products which
was separated by column chromatography (silica gel, CH,Cl,/MeOH
97.5:2.5) to give 8a as a colorless oil (0.94 g, 71%; max yield: 75%);
'H NMR: 6="706 (brs, 1H; NH), 4.05 (s, 2H; CH,Cl), 3.52 (m, 2H;
OCH,),3.43 (m,2H; CH,N), 2.15 (brs,3H; Ad), 1.73 (m, 6 H; Ad), 1.62 (m,
6H; Ad); *C NMR: 6 =165.6, 72.3, 58.1, 42.5, 41.3, 40.0, 36.2, 30.3; FAB-
MS: m/z (%): caled for C,4H,,CINO,: 271.1, found: 272.2 (100) [M+H]*.

AdPr-ClI (8b): A solution of 1-bromoadamantane (7,2.00 g, 9.30 mmol) and
triethylamine (3 mL, 21.60 mmol) in 3-amino-1-propanol (30 mL) was
heated under reflux overnight. After cooling down to RT, CH,Cl, (150 mL)
was added to the mixture, and the resulting solution was washed with 0.1N
NaOH solution (5 x 100 mL) and with a mixture of brine/IN NaOH (3:1,
100 mL). After drying the solution with Na,SO,, the solvent was
evaporated under reduced pressure to give a crude reaction mixture
(1.74 g, 6.09 mmol) which was used without purification. The 'H NMR
spectrum of the crude reaction mixture showed that 70 % of the mixture
was the desired product of substitution on the oxygen, the other 30 % being
the secondary amine. Compound 8b was synthesized from this mixture
according to the procedure described for compound 8a. The crude product
was purified by column chromatography (silica gel, CH,Cl,/MeOH 99:1) to
give 8b as an orange-red oil (0.97 g, 56 %, max yield: 70%); 'H NMR: 6 =
7.50 (brs, 1H; NH), 4.00 (s, 2H; CH,Cl), 3.55 (t, /=5.5 Hz, 2H; OCH,),
3.40 (m, 2H; CH,N), 2.12 (m, 3H; Ad), 1.73 (m, 6H; Ad), 1.73 (m, 2H;
OCH,CH,), 1.59 (m, 6H; Ad); *C NMR: 6 =165.6, 72.4, 59.5, 45.2, 41.4,
39.5, 36.3, 30.4, 28.9; FAB-MS: m/z (%): calcd for C;sH,,CINO,: 285.1,
found: 286.1 (100) [M + H]*.

AdEt-SC(O)CH; (9a): A solution of 8a (0.30 g, 1.10 mmol) in DMF
(10 mL) was added dropwise to a suspension of potassium thioacetate
(0.15 g, 1.33 mmol) in DMF (10 mL). The solution was stirred overnight in
the dark, after which CH,Cl, (100 mL) was added. The solution was washed
with 1n HCI solution (5 x 100 mL), water (100 mL), and brine (100 mL).
After drying with MgSO,, the solvent was removed in vacuo, to afford
analytically pure 9a as a light brown oil (0.33 g, 99%). 'H NMR: 6 =6.62
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(brs, 1H; NH), 3.48 (s, 2H; CH,S), 3.38 (m, 2H; OCH,), 3.27 (m, 2H;
CH,N), 2.32 (s, 3H; CHj;), 2.08 (brs, 3H; Ad), 1.63 (m, 6H; Ad), 1.55 (m,
6H; Ad); BC NMR: 0=194.7, 166.9, 71.8, 58.7, 41.2, 38.7, 36.2, 33.0, 30.3,
30.2; FAB-MS: m/z (%): caled for C;(H,sNOsS: 311.2, found: 312.3 (100)
[M+H]".

AdPr-SC(0O)CH; (9b): Compound 9b was synthesized using compound 8b
according to the procedure described for compound 9a. The product was
obtained as a light brown solid (0.33 g, 95%). M.p. 85-89°C; 'H NMR:
0=06.82 (brs, 1H;NH), 3.51 (s,2H; CH,S), 3.46 (t,/ =5.9 Hz, 2H; OCH,),
3.29 (m, 2H; CH,N), 2.35 (s, 3H; CHj), 2.11 (m, 3H; Ad), 1.70 (m, 6H;
Ad), 1.66 (m, 2H; OCH,CH,), 1.57 (m, 6H; Ad); C NMR: d =194.6,
167.3, 72.1, 58.6, 41.4, 38.8, 36.3, 32.9, 30.3, 30.1, 29.2; FAB-MS: m/z (%):
326.1 (100) [M+H]"; elemental analysis (%) calcd for C,;H,NO,S-
0.5H,0 (334.2): C 61.05, H 8.44, N 4.19, S 9.59; found: C 61.10, H 8.36, N
4.25,89.77.

AdEt-SH (10a): A solution of 9a (0.31 g, 1.00 mmol) in MeOH (40 mL)
was added to a solution of potassium carbonate (0.69 g, 5 mmol) in water
(20 mL). N, gas was bubbled through the mixture for 20 min, after which it
was heated under reflux for 20 min. After the solution had cooled down to
RT, 2~ HCI solution (200 mL) was added, whereupon the solution was
extracted with CH,Cl, (2 x 100 mL). After washing the combined organic
layers with water (100 mL) and brine (100 mL), they were dried with
MgSO, and evaporated in vacuo, to give 10a as a brown solid, which was
used immediately, without any further purification (0.27 g, 95 % ). '"H NMR:
6=7.10 (brs, 1H; NH), 3.54 (m, 2H; OCH,), 3.42 (m, 2H; CH,N), 3.25 (d,
J=8.8 Hz,2H; CH,S), 2.16 (brs,3H; Ad), 1.90 (t,/ =8.7 Hz, 1H; SH), 1.73
(m, 6H; Ad), 1.65 (m, 6H; Ad).

AdPr-SH (10b): Compound 10b was synthesized using compound 9b
according to the procedure described for compound 10a. The product was
obtained as a colorless oil, which was used immediately, without any further
purification (0.30 g, 99%). '"H NMR: 6 =7.36 (brs, 1H; NH), 3.50 (t, /=
5.5Hz, 2H; OCH,), 3.33 (m, 2H; CH,N), 3.16 (d, J=9.2 Hz, 2H; CH,S),
2.10 (m, 3H; Ad), 1.84 (t, /=92 Hz, 1H; SH), 1.70 (m, 6 H; Ad), 1.68 (m,
2H; OCH,CH,), 1.56 (m, 6H; Ad).

trans-AdEt,Re (trans-11a)

i) in organic solvents: N, gas was bubbled through a mixture of 10a (0.22 g,
0.82 mmol), NBu,OAc (0.11 g, 0.37 mmol), and NaOAc (0.13 g, 1.64 mmol)
in MeOH (15 mL) for 20 min, after which it was heated under reflux for
15 min. ReO(PPh;),Cl; (0.31 g, 0.37 mmol) was added, together with
CHCl; (10 mL), and the solution was again heated under reflux for 5 h.
After addition of CHCl; (100 mL), the mixture was washed with 1N HCI
(100 mL), water (100 mL), and brine (100 mL). After drying with MgSO,
the solvent was evaporated under reduced pressure to give a brown-red oil.
Flash column chromatography (silica gel, CH,ClL,/MeOH 96:4, slowly
increasing to 90:10) gave 11a as a brown-red oil (0.13 g, 36 % ). 'H NMR:
0=4.86/4.23 (2m, 2 x 2H; NCH,), 3.94/3.58 (ABq, 2/, =175 Hz, 2 x 2H;,
CH,S), 3.70/3.58 (2m, 2 x 2H; CH,0), 3.17 (m, 8H; NCH,), 2.12 (brs, 6 H;
Ad), 176 (brs, 12H; Ad), 1.61 (m, 20H; Ad/NCH,CH,), 1.43 (m, 8H;
CH,CHj;), 1.02 (t, J=7.3 Hz, 12H; CHj;); C NMR: 6 =196.0, 72.0, 58.6,
58.5,54.1,41.7,41.1,41.1,38.8, 36.4, 30.5, 23.8, 21.1, 19.6, 13.5; FAB-MS: m/z
[*¥"Re, correct isotope pattern], (%): 737.5 (100) (negative mode, [M —
NBu,] ), 242.1 (100) (positive mode, [NBu,]*).

ii) in water with native $-CD (entry 5, Table 1): A solution of 10a (0.30 g,
1.12 mmol) dissolved in a minimal amount of THF was added to a nitrogen
flushed solution of S-cyclodextrin (1.58 g, 1.40 mmol) in water (100 mL).
The resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (8.0 mL, 0.56 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 2.5 h
at 55°C. NBuyOAc (0.17 g, 0.56 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried using MgSO,. The
solvent was removed under reduced pressure, giving 11a as a brown-red oil
(0.52 g, 96%). The 'H NMR spectrum was identical to that of 11a
synthesized in organic solvents, showing only trace amounts of the
corresponding cis product. Further characterization proved it to be
identical to 11a synthesized in organic solvents.

iii) in water with -CD dimer f,dpa (13): This reaction was performed
according to ii), using 10a (10 mg, 8.4 umol), NaRe(gluc), solution
(0.22 mL, 4.2 umol) and using 5-CD dimer fS,dpa (13) (40 mg, 16.9 pmol)
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instead of native S-CD. Yield: 96%. Characterization proved it to be
identical to 11a synthesized in organic solvents.

The -CD dimer ,dpa (13) was recovered in 83 % yield through dialysis of
the aqueous phase (Sigma-D7884, benzoylated cellulose tubing, cutoff ca.
1200 Da; 3 d). 'H NMR spectroscopy and FAB-MS proved it to be identical
to the starting material.

cis-AdEt,Re (cis-11a)

in water with native $-CD (entry 2, Table 1): This reaction was carried out
according to the synthesis of compound 11a, method ii), however, the
reaction was performed for only 1 h at 0°C. The 'H NMR spectrum showed
a51:49 (+ 2 %) mixture of frans-11a and cis-11a in an overall yield of 95 %.
By comparison of the spectrum to the one belonging to pure trans-11a, the
signals belonging to cis-11a were identified. 'H NMR: 6 =4.80/4.20 (2m,
2 x 2H; NCH,), 4.38/4.09 (ABq, ¥/ =14.2 Hz, 2 x 2H; CH,S), 3.65/3.57
(2m, 2 x 2H; CH,0), 3.17 (m, 8H; NCH,), 2.12 (brs, 6H; Ad), 1.76 (brs,
12H; Ad), 1.61 (m, 20H; Ad and NCH,CH,), 1.43 (m, 8H; CH,CH3;), 1.02
(t, /=73 Hz, 12H; CH,).

AdPr,Re (11b)

i) in organic solvents: Compound 11b was synthesized according to the
procedure described for compound 11 a, instead using compound 10b. The
crude product was purified by column chromatography (silica gel, CH,Cl,/
MeOH 97:3) to give 11b as an orange-red oil (0.041 g, 11%). 'HNMR: 6 =
4.82/4.05 (2m, 2 x2H; CH,N), 3.90/3.54 (ABq, J\g=17.6 Hz, 2 x 2H;
CH.,S), 3.50 (t, /=70 Hz, 4H; OCH,), 3.12 (m, 8H; NCH,), 2.11 (m, 6 H;
Ad), 1.94/1.87 (2m, 2 x 1H; OCH,CH,), 1.73 (m, 12H; Ad), 1.59 (m, 20 H;
Ad and NCH,CH,), 1.41 (m, 8H; CH,CH,), 1.01 (t,J=7.3 Hz, 12H; CH,);
BC NMR: 0 =195.4, 71.6, 58.7, 58.4, 50.3, 41.3, 38.9, 36.3, 31.4, 30.4, 23.8,
19.6, 13.5; FAB-MS: m/z ["¥'Re, correct isotope pattern], (% ): 765.6 (100)
(negative mode, [M — NBu,]~), 242.2 (100) (positive mode, [NBu,]*).

ii) in water with native f-CD: A solution of 10b (0.38 g, 1.34 mmol)
dissolved in a minimal amount of methanol was added to a nitrogen flushed
solution of S-cyclodextrin (1.90 g, 1.68 mmol) in water (150 mL). The
resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (9.6 mL, 0.66 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 5 h at
55°C. NBu,OAc (0.20 g, 0.67 mmol) was added and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined extracts were washed
with water (150 mL) and brine (150 mL) and dried with MgSO,. The
solvent was removed under reduced pressure, giving 11b as a orange-red oil
(0.63 g, 95 %). Characterization proved it to be identical to 11b synthesized
in organic solvents.

TBDMS-protected f,(benz) (12a): NaH (60 % dispersion in oil, 84 mg,
2.1 mmol) was added to a solution of dried (100°C, 0.1 mbar, 5 h) TBDMS-
protected S-cyclodextrin (4.0 g, 2.1 mmol) in THF (100 mL). The mixture
was stirred for 1 h at RT and then for 2 h at reflux. After addition of 4,4'-
bis(bromomethyl)benzophenone (100 mg, 0.27 mmol) reflux was contin-
ued for 5 d. The solvent was removed in vacuo and chloroform was added.
The solution was washed with 1m HCI, water, and brine, and dried
(MgSO,). After removal of the solvent and purification by column
chromatography (silica gel, ethyl acetate/ethanol/water 100:2:1) the
product was obtained as a colorless powder (0.099¢g, 9%). 'H NMR
(300 MHz, CDCly/CD;0D, 25°C): 6 =780 (d, 4H, J=7.7 Hz; Ar-H), 7.52
(d, 4H, J=77 Hz; Ar-H), 5.07-4.84 (m, 14H; H-1), 4.34-3.15 (m, 88H;
H-2, H-3, H-4, H-5, H-6, Ar-CH,), 0.95-0.81 (m, 126 H; CH,-C), 0.11-0.00
(m, 84 H; CH;-Si); MS (FAB) m/z: calcd for C g3H34407,Si,4: 4075.1, found:
4099.1 [M+Na]*.

Pr(benz) (12): TBDMS-protected f,(benz) (80 mg, 0.020 mmol) was
dissolved in THF (5 mL). After addition of a 1m solution of tetrabutyl-
ammonium fluoride in THF (0.7 mL) the solution was stirred overnight at
ambient temperature. The solvent was removed in vacuo and the residue
dissolved in water. After three washings with hexane, salts were removed
over Amberlite MB-3A ion-exchange resin. After freeze-drying the dimer
was obtained as a colorless powder (0.035 g, 70%). '"H NMR (300 MHz,
D,0,25°C): 6=17.62 (d, 4H, /=78 Hz; Ar-H), 746 (d, 4H, /=79 Hz; Ar-
H), 4.91-4.86 (m, 14H; H-1),3.96-3.15 (m, 88 H; H-2, H-3, H-4, H-5, H-6,
Ar-CH,); MS (FAB) m/z: caled for CyH;5,0;: 2474.7, found: 2476.8
[M+H]".

Thioacetic acid S-pyridin-2-ylmethyl ester (16):*) A suspension of
potassium thioacetate (2.51 g, 22.00 mmol), K,CO; (5.5 g, 40.00 mmol),
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and 15-HCI (3.28 g, 20.00 mmol) in DMF (50 mL) was stirred overnight in
the dark, after which CH,Cl, was added (500 mL). The solution was washed
with 0.5N HCl solution (5 x 500 mL), water (500 mL), and brine (500 mL).
After drying with MgSO,, the solvent was removed in vacuo, removing
trace amounts of DMF by repeated azeotropic distillation with toluene to
afford 16 as a light brown oil (2.8 g,85%). 'HNMR: 6 =8.53 (d,/ =5.8 Hz,
1H; PyrH), 7.62 (t, J=7.7 Hz, 1H; PyrH), 7.34 (d, J=7.7 Hz, 1 H; PyrH),
716 (t, J=6.4Hz, 1H; PyrH), 4.26 (s, 2H; CH,S), 2.36 (s, 3H; CH,);
3C NMR: 6 =194.8, 149.4, 136.7, 123.1, 122.2, 122.1, 35.3, 30.2; FAB-MS:
m/z [glycerol] (%): caled for CgHyNOS: 167.0, found: 168.1 (100) [M+H]*.

Pyridin-2-yl-methanethiol (17):! A solution of 16 (1.00 g, 6.00 mmol) in
MeOH (40 mL) was added to a solution of potassium carbonate (1.25 g,
9.00 mmol) in water (20 mL). N, gas was bubbled through the mixture for
20 min, after which it was heated under reflux for 30 min. After the solution
had cooled to RT, 1N HCI solution (200 mL) was added, and the solution
was extracted with CH,Cl, (2 x 100 mL). After washing the combined
organic layers with water (100 mL) and brine (100 mL), they were dried
with MgSO, and evaporated in vacuo, to give 10a as a brown solid (0.62 g,
82%), which was used immediately, without any further purification.
'"HNMR: 6 =8.56 (m, 1 H; PyrH), 7.66 (m, 1 H; PyrH), 7.35 (m, 1H; PyrH),
7.16 (m, 1H; PyrH), 3.86 (d, /=77 Hz, 2H; CH,S), 2.02 (t, /=77 Hz, 1H;
SH).

AdPr-Pyr-Re (18)

i) in organic solvents: A suspension of ReO(PPh;),Cl; (1.53 g, 1.83 mmol)
in CHCl; (10 mL) was added to a solution of 17 (0.23 g, 1.83 mmol) and 10b
(0.52 g, 1.83 mmol) in 1IN NaOAc/MeOH (20 mL). The mixture was stirred
at 75°C for 30 min, after which time it was partitioned between water and
CH,Cl, (200 mL each). The organic layer was washed with water (200 mL)
and brine (3 x 200 mL) after which it was dried using MgSO,. Removal of
the solvent in vacuo gave a solid which was purified by flash column
chromatography (silica gel, CH,Cl,, slowly increasing to CH,Cl,/MeOH
98.5:1.5) to give 18 as a purple oil (0.50 g, 45%). '"H NMR: 6 =9.68 (d,J =
5.8 Hz, 1H; PyrH), 8.16 (dt, /=77, 1.2 Hz, 1H; PyrH), 8.04 (d, /=7.7 Hz,
1H; PyrH), 7.65 (t, J=6.4 Hz, 1 H; PyrH), 5.34/4.12 (2m, 2 x 1H; CH,N),
5.32/423 (ABq, J=19.6Hz, 2x1H; PyrCH,S), 4.07/3.66 [ABq, J=
175 Hz, 2 x 1H; C(O)CH,S], 3.53 (m, 2H; CH,0), 2.15 (m, 3H; Ad),
1.93 (m, 2H; OCH,CH,), 1.78 (brs, 6 H; Ad), 1.63 (m, 6H; Ad); *C NMR:
0=172.6, 156.2, 142.1, 125.2, 122.3, 58.0, 54.9, 52.2, 41.6, 38.1, 36.6, 31.1,
30.6; FAB-MS: m/z ['""Re, correct isotope pattern], (%): calcd for
C, H;N,O58,Re: 608.1, found: 609.1 (100) [M+H]*.

ii) in water with native #-CD: A solution of 17 (0.11 g, 0.89 mmol) and 10b
(0.25 g, 0.89 mmol) in a minimal amount of THF was added to a nitrogen
flushed solution of S-cyclodextrin (2.12 g, 1.87 mmol) in water (175 mL).
The resulting mixture was flushed with nitrogen for 5 min, after which time
NaRe(gluc), solution (12.9 mL, 0.89 mmol), adjusted to pH 10 by the
addition of 1N NaOH (aq), was added to the mixture. The resulting mixture
was flushed with nitrogen for an additional 5 min and then stirred for 5 h at
55°C, after which time the mixture was extracted with CH,Cl, (3 x
100 mL). The combined extracts were washed with water (250 mL) and
brine (250 mL) and dried with MgSO,. The solvent was removed under
reduced pressure, giving an oil which was purified by flash column
chromatography (silica gel, CH,Cl,, slowly increasing to CH,Cl,/MeOH
98.5:1.5) to give 18 as a purple oil (0.43 g, 79 % ). Characterization proved it
to be identical to 18 synthesized in organic solvents.

Cyclodextrin-modified cytochrome C (21): A solution of N-succinimidyl S-
acetylthioacetate (2 mg, 8.4 umol) in DMF (50 pL) was added to a solution
of cyclodextrin-dimer 13 (10 mg, 4.2 umol) in aqueous phosphate buffer
(0.05M, pH 7.5, 1 mL). After 10 min at RT, the modified dimer was purified
using a PD-10 column. To the cyclodextrin-containing fractions, a solution
of NH,OH - HCI (300 pL, 0.5M) in phosphate buffer pH 7.5 was added and
allowed to react for 1 h to obtain the free thiol 19.

While the reaction vessel was vortexed, a solution of N-succinimidyl-6-
maleimidocaproate (0.9 mg, 3 umol) in DMF (10 uL) was added to a
solution of cytochrome C (9 mg, 0.7 umol) in phosphate buffer pH 8
(0.5 mL). After vortexing 5 min at RT, phosphate buffer pH 6 (0.5 mL) was
added and the product 20 was purified over a PD-10 column that had
previously been equilibrated at pH 6. At RT, the solution of the thiol-
containing cyclodextrin dimer was slowly added to the solution of the
modified cyctochrome C and allowed to react for 2 h. After dialysis against
phosphate buffer pH 6.9 (2 x 2.5 L, 24 h) and purified water (2.5 L, 24 h),
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lyophilization yielded a mixture of products as a red powder (6 mg, 67 % ).
MALDI-MS: m/z: calcd for [Cyt C+5 x maleimide+19] = 15868, found:
15868, 13301 [Cyt C+5 x maleimide], 6652 [Cyt C+5 x maleimide]**, 7934
[Cyt C+5 x maleimide+19]**, 26728  (~2x13301), and 29196
(~13301415868). The last two values are minor peaks, probably caused
by formation of disulfide bonds between two cytochrome C molecules.

Determination of the association constants by fluorescence titrations:
Fluorescence measurements were performed on an Edinburgh SF 900
spectrometer. Sample solutions were prepared using a phosphate buffer
(pH 7, I=0.02m) in pure water (Millipore Q2).

AdEt,Re 11a or AdPr,Re 11b, with ,dans 14: Aliquots of guest (11a or
11b) (4.7 x 1075, 1.3 x 10~*M, respectively) in MeOH were added in a given
MeOH/water mixture to a solution of ,dans 14 (7.2 x 1077, 7.0 x 1077 m,
respectively). A correction for the MeOH addition was done by performing
the same titration using pure MeOH and subtracting these values from the
values obtained for the methanolic solution of the guest (4., =335 nm).

Crystal structure determinations

trans-AdEt,Re (11a): CeoH, oMgN,O,Re,S, -2 C,xHy,N,O5ReS, «
MgC¢H,,04-2CH,O, M,=3413.07, red-brown, plate-shaped crystal
(0.05 x 0.10 x 0.25 mm), monoclinic, space group P2,/c (no. 14) with a=
26.866(2), b="7.2780(6), c =36.369(3) A, f=98.880(6)°, V="7026.0(1) A3,
Z =2, p,=1.613 gcm=3, F(000) = 3480, u(Mog,) =3.83mm"". Where rele-
vant, the contribution of the disordered counterions and solvent molecules
has been included in the reported data (see below). 107528 Reflections
measured, 12725 independent reflections, R;, = 0.1234, (1.6° <60 < 25.25°,
T=150 K, Moy, radiation, graphite monochromator, 1 =0.71073 A). Data
were collected on an Enraf —Nonius KappaCCD area detector on rotating
anode and corrected for absorption by a multi-scan method (PLATON/
MULABS).°"l The structure was solved by direct methods SHELXS-97,%
and refined on F? using SHELXL-97-2.1] The unit cell contains two
symmetry-related cavities (438 A> each), filled with disordered
Mg(MeOH)* counterions and solvent molecules, probably methanol.
No satisfactory model could be refined. This disordered density was taken
into account with the squeeze procedure, as implemented in PLATON.[!]
Hydrogen atoms were included in the refinement on calculated positions
riding on their carrier atoms. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were refined with a
fixed isotropic displacement parameter related to the value of the
equivalent isotropic displacement parameter of their carrier atoms. Final
WR2=0.0989, w=1/[c*(F?)+(0.0407 P)>+7.94P], where P = (max(F;,
0)+2F2)/3, R1=0.0518 (for 10541 I > 20(l)), S=1.110, 727 refined
parameters, —1.09 < Ap < 0.84 e A3,

AdPr-Pyr-Re (18): C,;HyN,O;ReS,, M,=607.81, purple, block-shaped
crystal (0.20 x 0.25 x 0.30 mm), monoclinic, space group P2,/c (no. 14) with
a=14.7391(15), b =16.9273(12), ¢ =18.5105(18) A, f=110.283(12)°, V=
43319(8) A3, Z=8, p,=1864gcm=3, F(000)=2400, u(Mog,)=
5.828mm~'. 33132 Reflections measured, 9868 independent reflections,
R;,,=0.0586, (1.6° <6< 2748°, T=150K, Mok, radiation, graphite
monochromator, 4 =0.71073 A). Data were collected on an Enraf-No-
nius KappaCCD area detector on rotating anode and corrected for
absorption by a multi-scan method (PLATON/MULABS).°l The struc-
ture was solved by direct methods (SHELXS86)[*l and refined on F? using
SHELXL-97-2.1l The adamantoyl moiety of one of the independent
molecules is disordered over two positions. A disorder model was
introduced; the occupancy of the major component refined to 0.566(6).
Mild distance restraints were introduced to ensure reasonable geometries
of the major and minor components. Hydrogen atoms were included in the
refinement on calculated positions riding on their carrier atoms. All
ordered non-hydrogen atoms were refined with anisotropic displacement
parameters; the disordered atoms were refined isotropically. Hydrogen
atoms were refined with a fixed isotropic displacement parameter related
to the value of the equivalent isotropic displacement parameter of their
carrier atoms. Final wR2=0.0985, w=1/[c*(F?)+(0.0322P)*+9.96 P],
where P=(max(F2 0)+2F2)/3, R1=0.0387 (for 6689 I > 20(I)), S=
1.039, 501 refined parameters, —2.05 < Ap < 1.88 ¢ A3

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-157763
(11a) and CCDC 157764 (18). Copies of the data can be obtained free of
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charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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