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Efficient syntheses of rigid Cs-symmetric scaffolds based on
adamantane are described. The scaffolds are available in
multigram quantities and have been designed for conjuga-
tion to various natural products such as carbohydrates and
peptides. They are thus valuable for the construction of

strictly defined molecular architectures with threefold
geometry for applications in bioorganic chemistry, catalysis
or material science.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Threefold rotational symmetry plays an important role
in various artificial and natural molecular recognition sys-
tems.[ In consequence, a number of applications of Cs-
symmetric molecules to diverse areas such as catalysis,
supramolecular chemistry, material science and receptor-li-
gand interactions are known and have been highlighted re-
cently.”l Examples include catalysts of Cs-symmetry, which
have been shown to be efficient for stercoselective synthe-
sis,ll artificial Cs-symmetric receptors for specific binding
to small molecules or ions,* scaffolds for the assembly of
materials with liquid crystalline properties,® scaffolds for
the assembly of nanostructures! and trivalent interactions
of ligands with natural receptors.”]

The relevance of Ci-symmetry in biological systems is
obvious in several cases were either binding sides of en-
zymes have a pseudo Cs-symmetric geometry like the (tris)-
histidine motifs in certain zinc-dependent transesterases!®!
or in many cases where binding of a given receptor to its
natural substrate occurs with trimerisation leading to a re-
ceptor-ligand complex with threefold geometry.’] In some
cases these oligomerisation processes are important for
proper signaling of transmembrane receptors and interac-
tion with trivalent Cs-symmetric ligands can be used to
modulate these natural properties.l’”! In addition, a tripodal
geometry can be extremely powerful for the recognition of
binding motifs on cell surfaces as Whitesides’ work on tri-
meric derivatives of Vancomycin!'® and our own work on
cancer cell targeting revealed.!'!]

Designed for numerous applications, many different Cs-
symmetric scaffolds have been reported so far and a small
collection is depicted in Figure 1. The shape of the scaffolds

[a] Department of Chemistry, Justus-Liebig-Universitdt GieB3en,
Heinrich-Buff-Ring 58, 35392 Giellen, Germany
Fax: +49-641-9919864
E-mail: wolfgang.maison@org.chemie.uni-giessen.de
Supporting information for this article is available on the
WWW under http://www.eurjoc.org or from the author.

1278

vvvvvvvvvvvvvvvvvvvvvv

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

varies significantly from flexible tripodal molecules like 502

to relatively rigid cyclohexane derivatives 113 (derived from
Kemps’ triacid) or 2U431 and absolutely rigid and planar
aromatic structures like 4.['3 Cyclic a- and B-peptides like
6U'° have been used for biochemical applications.
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Figure 1. A selection of common Cs-symmetric scaffolds 1-6 and
adamantane-based system 3.

Adamantane-based scaffolds 3 share the tripodal ar-
rangement of R groups with cyclohexane cores like 2, but
are more rigid and most importantly permit introduction of
additional functionality into the fourth bridgehead position
without disturbing the geometry of the molecule or inter-
fere with binding processes at the R groups.!”l Although
some adamantane-based Ciz-symmetric scaffolds 3 are
known, they have rarely been used as scaffolds for the as-
sembly of functional molecules with threefold geometry.['®!
This is probably due to a lack of proper functional groups
in known scaffolds 3 or their difficult chemical synthesis. In
this paper we summarize scalable and short syntheses to
scaffolds 3 with suitable anchor groups for the conjugation
of functional molecules, in particular biomolecules.

Results and Discussion

The conjugation of biomolecules like amino acids, pep-
tides or sugars to adamantane scaffolds requires suitable
functional groups attached to three bridgehead positions
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of the adamantane core. These functional groups include
amines, carboxylic acids and alcohols. Furthermore, al-
kynes and azides are useful for conjugation via click-chem-
istry.l'”] These functional groups can be attached directly to
the adamantane core or spaced with rigid or flexible linkers
to achieve the optimal geometry and spacing for a particu-
lar application (Figure 2).
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Figure 2. Readily available trisubstituted adamantane derivatives
7-9.

Introduction of functionality at the adamantane bridge-
head positions requires C-H bond activation. Different
procedures are known to perform these transformations the
most popular of which are halogenation, hydroxylation,
carboxylation, radical alkylation and arylations with Frie-
del-Crafts-type chemistry.?”) The unique structure of ada-
mantane leads to a significant degree of selectivity in these
reactions for radical and cationic intermediates. Selectivity
is therefore often not a problem and protocols, for example,
for the selective introduction of one, two, three or four bro-
mine atoms at the adamantane bridgeheads are well known
and give all four different adamantyl bromides in good
yields.?!'l However, as a general trend, substitutions get
more difficult with the number of electron-withdrawing
substituents attached to the bridgehead positions due to
statistical and electronic effects.””! Consequently, methods
for the generation of tri- or tetrasubstituted adamantanes
are often not compatible with functional groups, such as
amines, alcohols, carboxylic acids or alkynes.[*!

Rigid Trifunctional Adamantane Derivatives

The direct attachment of three hydroxy or amino groups
to the bridgehead positions of adamantane leads to known
compounds and especially 1,3,5-trihydroxyadamantane (8)
is readily available by Stetter’s®*! practical synthesis. In con-
trast, adamantane-1,3,5-tricarboxylic acid (12) is only
known from the patent literature and no practical synthesis
has been described so far.>’! We found triphenylada-
mantane (11) to be a suitable precursor for 12. Arylation of
commercially available bromoadamantane (10) is a known
procedure leading to phenyladamantanes 11 and 13
(Scheme 1).1?°l Depending on the reaction conditions either
tetra-, tri- or diphenyladamantane can be obtained selec-
tively. The following oxidation®”! proceeds smoothly with
11 to give triacid 12 in excellent yield as depicted in
Scheme 1. This triacid can be converted into the corre-
sponding triol 18 by reduction of the intermediate ester 17.

Given the easy synthesis of tricarboxylic acid 12, oxi-
dation with RuCl; might also be a good alternative for
large-scale synthesis of adamantane-tetracarboxylic acid, a
well known and valuable tetrahedral building block.[*®]
However, the oxidation of tetraphenyladamantane 13 was
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Scheme 1. Oxidative degradation of aryladamantanes to the corre-
sponding carboxylic acids. Ans: 2- or 4-anisyl. Compound 16 was
obtained as a mixture of 2- and 4-anisyl derivatives.

slow (most likely due to its low solubility) and gave only
low yields of the adamantane-tetracarboxylate 14 after oxi-
dation and following esterification. An exchange of phenyl
groups for more electron-rich anisyl groups brought better
results in this series. The 1,3,5,7-tetraanisyladamantane (16)
can be synthesized from 1,3,5,7-tetrahydroxyadamantane
(15) according to a protocol of Stetter!?®! and is a reason-
able substrate for oxidative degradation with RuCl; as indi-
cated in Scheme 1.
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Scheme 2. Synthesis of expanded rigid adamantane scaffolds 20, 21
and 22.
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An interesting scaffold for chemoselective conjugation of
unprotected biomolecules via click-chemistry is 1,3,5-tri-
ethynyladamantane (19). This compound has not yet found
applications in biological studies, but has been used to con-
struct rigid tripodal molecules in material science.?" Tri-
alkyne 19 is readily available from tribromoadamantanel3!!
following a protocol from Malik.*?! Trialkyne 19 is also an
excellent precursor for rigid expanded analogs of tricarbox-
ylic acid 12. Deprotonation of 19 with MeLi and subse-
quent quenching with CO, gives the tricarboxylic acid 20
in very good yields. Again, various functional groups can
be introduced into these types of scaffolds as depicted in
Scheme 2. The trimeric propargyl alcohol 21, for example,
was synthesized from trialkyne 19 via deprotonation and
subsequent addition to formaldehyde in high yield. Using
the trialcohol 21 as a starting material, tosylate 22 can be
generated, which might be substituted with a range of dif-
ferent nucleophiles to give other valuable scaffolds for con-
jugation of functional molecules.

Semi-rigid Trifunctional Adamantane Derivatives

To optimize the rigidity and spacing of a given scaffold
for a particular application it is necessary to introduce dif-
ferent spacers between the adamantane core and the anchor
groups. The rigid alkyne linkage in tricarboxylic acid 20,
for example, can be converted quantitatively by hydrogena-
tion into a more flexible alkyl spacer in 23!!7! (Scheme 3).

HO,C COH
H, Pd/C
quant.
23
HO,C

Scheme 3. Synthesis of semi-rigid adamantane-tricarboxylic acid.

A shorter and more practical approach to semi-rigid
scaffolds like 23 again starts from tribromoadamantane.
However, it relies not on the cationic Friedel-Crafts-type
chemistry depicted in Scheme 2 but uses radical chemistry
to introduce the spacer and a functional group (in this case
a cyano group) in one step.[>3! This reaction was reported
to give trisubstituted adamantane 24 in low yield (20%)
along with a large portion of the disubstituted analog 25.
However, with a slight change in reaction and workup con-
ditions we managed to prepare 24 in good yield (67%)
along with some disubstituted byproduct 25 (31%). Com-
pound 24 crystallizes from hexane and can therefore be pre-
pared in large quantities. Hydrolysis of the cyanide 24 gives
the tricarboxylic acid 23 in excellent yield.

The radical approach outlined in Scheme 4 opens an ac-
cess to different functionalized adamantanes. The cyanide
24 can, for example, be reduced to give triamine 26 and the
carboxylic acid 23 is a suitable starting material for the
alcohol 28, which is synthesized by esterification of carbox-
ylic acid 23 to the corresponding methyl ester 27 and its
subsequent reduction with LiAlH, as depicted in Scheme 5.
1280
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Scheme 4. Optimized synthesis of semi-rigid adamantane-tri-
carboxylic acid.
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Scheme 5. Syntheses of the semi-rigid adamantane-triamine 26
and -triol 28.

Geometry of the Scaffolds

A MM2-minimized structure of triamine 26 is shown in
Figure 3 in top view, highlighting the threefold geometry of
the system in an extended conformation. The figure in-
cludes the distance a between the anchor groups (identical
with the distances of hypothetical ligands conjugated to 26)
and the radius r, of the outer circle of the molecule, charac-

Figure 3. The general scaffold of adamantane derivatives 12-28
with different substituents R is shown next to the structure of tri-
amine 26. The distance a between two anchor groups (amines for
26) and the radius ry for the outer circle is given.
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terizing the distance of any (hypothetical) conjugated ligand
to the middle of the system. Table 1 summarizes these geo-
metric data for all of the scaffolds reported in this paper.

Table 1. Distances a between anchor groups and radius ry for the
outer circle of each scaffold 12-28 (see Figure 3).

Compound R a [nm]@ ry [nm]@
19 C=CH 0.69 0.4
20 C=CCO,H 0.97 0.56
21 C=CCH,OH 1.06 0.61
8 OH 0.48 0.28
12 COH 0.50 0.29
18 CH,OH 0.66 0.38
23 (CH,),CO,H 0.92 0.53
26 (CH,);NH, 1.13 0.65
28 (CH,);0H 1.12 0.65
ada H 0.25 0.14

[a] The distances are given for energy-minimized (MM2) structures.
They were measured from the last atom of a given anchor group,
that remains an integral part of the structure after conjugation to
other molecules. Note that in carboxylic acids like 23, this atom is
the carboxy carbon atom.

From the data in Table 1 it is clear that adamantane-
based scaffolds can be used as an architectural element to
define distances between almost any conjugated ligand in
the range of ca. 0.5 to 1.1 nm in a defined threefold geome-
try. Distances of this order are useful to probe binding
properties of ligands to multimeric receptors in bioorganic
chemistry.”l In this context, it is interesting to note that
several pharmaceutically important receptors resemble a
threefold geometry.[*3]

Conclusions

In this paper we provide suitable synthetic strategies to
rigid and semi-rigid scaffolds based on adamantane. Appro-
priate functionalities have been introduced as anchor
groups for conjugation of the scaffolds to a wide range of
different functional molecules. Compounds of type 3 can
thus be used as Cs;-symmetric scaffolds for the assembly of
more complex molecular architectures and the rigidity of
the systems can be tuned with the choice of the scaffold.
Rigid derivatives like 20 provide a strictly defined threefold
geometry of anchor groups and are thus valuable as mo-
lecular rulers in three dimensions. The spacing of anchor
groups between 0.5 and 1.1 nm is in a useful range for bio-
organic or biomedical applications and might also be useful
for applications in catalysis and material science. It should
be noted, that the remaining bridgehead position in ada-
mantyl scaffolds of type 3 allows further derivatisation
without disturbing the threefold geometry of the scaffold.

Experimental Section

General: NMR spectra were recorded on a Bruker AMX 400 spec-
trometer (400 MHz/100.6 MHz). Chemical shifts, 0 values, are rep-
resented in parts per million (ppm) and coupling constants, J, in
Hertz (Hz) from tetramethylsilane (TMS, 0 ppm) as the internal
standard for CDCl; and residual solvent peaks for [Dg]DMSO and
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D,O. Mass spectra were obtained with a Varian MS MAT 311A
in EI mode. The following starting materials were synthesized ac-
cording to literature procedures: 1,3,5-triphenyladamantane
(11),”1  tetraphenyladamantane (13),*>!  tribromoadamantane
(7),1*! tetrahydroxy-adamantane (15).534

Adamantane-1,3,5-tricarboxylic Acid (12):>1 1.00g of 11
(2.74 mmol) and 26.26 g of HsIOg (115.2 mmol) were dissolved in
70 mL of CCly/CH3;CN/H,O (2:2:3) and the reaction mixture was
cooled to 0 °C. 140 mg of RuCl;3:3H,0 (0.5 mmol) were added and
the mixture was stirred for 2 h at 0 °C and 12 h at room tempera-
ture. The resulting suspension was poured on a mixture of ice/aque-
ous HCI and excess oxidant was destroyed by addition of Na,SOs;.
The aqueous phase was extracted three times with ethyl acetate,
the combined organic phases were dried with Na,SO,, filtered and
the solvent was evaporated to give 0.71 g (2.65 mmol, 96%) of the
triacid 12 as a colorless solid, m.p. 205 °C. IR (KBr): ¥ = 3496,
2945, 2867, 1708, 1456, 1412, 1310, 1278, 1227, 692 cm™'. '"H NMR
([Dg]DMSO): § = 12.26 (s, 3 H), 2.15-2.18 (m, 1 H), 1.86 (d, 2J =
12.3Hz, 3 H), 1.76 (d, 2J = 12.3 Hz, 3 H), 1.70 (d, 3J = 2.0 Hz, 6
H) ppm. '*C NMR ([Dg]DMSO): § = 172.3, 39.8, 35.6, 34.0, 28.1
ppm. HR-MS (EI): caled. (C3H;06) 268.0947, found 268.0948.
C3H 405 (268.27): caled. C 58.20, H 6.01; found C 57.99, H 6.09.

Tetramethyl Adamantane-1,3,5,7-tetracarboxylate (14) from 13:1%%]
To a mixture of 1.00 g (2.26 mmol) 1,3,5,7-tetraphenyladamantane
(13) and 70 mL of CH3CN/CCl4/H,0 (2:2:3), 28.14 g (124.2 mmol)
H5I0¢ und 60 mg of RuCls:3 H,O were added. The reaction mix-
ture was vigorously stirred at room temperature for 7d. In the
meantime, two portions of 30 mg of RuCl;:3H,0O were added. The
solvent was evaporated in vacuo and the crude product was dis-
solved in hot CH3CN and filtered while hot (to separate most of
inorganic salts) and the residue was washed with hot CH;CN
again. After evaporation, the resulting product was used in the next
step without further purification.

To a suspension of the resulting crude carboxylic acid in 40 mL of
dry MeOH was added 5 mL of freshly distilled SOCI, at 0 °C. After
24 h at reflux temperature, the solvent was evaporated in vacuo.
The crude product was dissolved in 100 mL ethyl acetate, washed
three times with saturated aqueous Na,SOj; solution and three
times with water, dried with Na,SO,, filtered and the solvent was
evaporated in vacuo. The resulting product was purified by column
chromatography (silica gel, petroleum ether/ethyl acetate, 4:1).
292 mg (0.79 mmol; 35%) of colorless crystals was isolated; Ry =
0.45 (petroleum ether/ethyl acetate, 4:1), m.p. 168 °C. IR (KBr): ¥
= 3437, 2955, 2915, 2866, 1722, 1430, 1307, 1255, 1205, 1123, 1042,
971, 706 cm™'. 'TH NMR (400 MHz, CDCl;): § = 3.69 (s, 12 H),
1.99 (s, 12 H) ppm. '*C NMR (100 MHz, CDCls): 6 = 175.7, 52.3,
42.0, 38.7 ppm. HR-MS (EI): caled. for C,gH,4,05 368.1471, found
368.1470.

1,3,5,7-Tetrakis(4-methoxyphenyl)adamantane (16):1>! A mixture of
1,3,5,7-tetrahydroxyadamantane (4.51 g, 22.5 mmol), p-toluenesul-
fonic acid monohydrate (2.14 g, 11.3 mmol) and anisole (100 mL)
was heated for 40 h with a Dean—Stark apparatus. Then the solvent
was evaporated in vacuo and the crude product was dissolved in
CH,Cl,. The organic layer was washed with a saturated aqueous
solution of NaHCOs;, 2 N HCI and water, dried with Na,SQOy,, fil-
tered and the solvent was evaporated in vacuo. The resulting prod-
uct was filtered through silica (3 cm) and the filter cake was rinsed
with CH,Cl,. Evaporation of the solvent in vacuo gave 8.55 g of
16 as a mixture of o-/p-substituted derivatives (15.2 mmol; 68%)
and used without further purification in the next step; 'H NMR
(400 MHz, CDCl;): 0 = 7.08-7.27 (m, 8 H), 6.80-6.87 (m, 7 H),
3.65,3.72,3.73 (3 s, 12 H), 2.01-2.48 (m, 12 H) ppm.
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Tetramethyl Adamantane-1,3,5,7-tetracarboxylate (14) from 16: A
solution of 16 (4.49 g, 8.0 mmol) and HsIO¢ (102.2 g, 448.4 mmol)
in 350 mL CH;CN/CCly/H,O (2:2:3) was cooled to 0°C and
419 mg of RuCl3-3H,O were added. The resulting mixture was
stirred for 2h at 0°C and 16 h at room temperature. The layers
were separated and the solvent of the aqueous solution was evapo-
rated in vacuo. The crude product was dissolved in hot CH;CN
and filtered while hot (to separate most of inorganic salts) and the
residue was washed with hot CH;CN again. After evaporation of
the solvent in vacuo, the resulting product was used in the next
step without further purification.

To a suspension of the resulting crude carboxylic acid in 100 mL
dry MeOH was added 7 mL of freshly distilled SOCI, at 0 °C. After
24 h at reflux temperature, the solvent was removed in vacuo. The
crude product was dissolved in ethyl acetate, washed three times
with saturated aqueous Na,SO; solution and three times with
water, dried with Na,SO,, filtered and the solvent was evaporated
in vacuo. The resulting product was purified by column chromatog-
raphy (silica gel, petroleum ether/ethyl acetate, 4:1). 1.24 g
(3.4 mmol; 42%) of colorless crystals was isolated.

Trimethyl Adamantane-1,3,5-tricarboxylate (17): 2.31g of 12
(8.6 mmol) were dissolved in 6 mL thionyl chloride and heated to
reflux for 4 h. The solvent was evaporated and the residue was sus-
pended in 30 mL dry methanol. The resulting mixture was heated
to reflux for 3h and the solvent was evaporated in vacuo. The
crude product was dissolved in 0.5 M NaOH and extracted three
times with ethyl acetate. The combined organic layers were dried
with Na,SO,, filtered and the solvent was evaporated in vacuo to
give 1.65 g (5.3 mmol; 62%) of the methyl ester 17 as a colorless
oil. IR (film): ¥ = 2957, 2916, 2863, 1729, 1454, 1434, 1258, 1218,
1109, 1040, 803 cm™'. 'H NMR (400 MHz, CDCls): 6 = 3.67 (s, 9
H), 2.29 (sept, 3J = 3.0 Hz, 1 H), 2.03 (d, 2J = 12.6 Hz, 3 H), 1.98
(d, 2J =12.6 Hz, 3 H), 1.84 (d, 3J = 3.0 Hz, 6 H) ppm. '3C NMR
(100 MHz, CDCly): 6 = 176.6, 52.1, 41.5, 39.3, 37.2, 28.1 ppm.
HR-MS (EI): caled. for C;sH»,06 310.1416, found 310.1414.

1,3,5-Tris(hydroxymethyl)adamantane (18): A solution of 17
(1.63 g, 5.3 mmol) in 50 mL dry THF was cooled to 0 °C and Li-
AlH, (0.70 g, 18.4 mmol) was added. The reaction mixture was
heated to reflux for 2 h and the resulting solution was poured on
ice/HCI. The aqueous phase was extracted three times with ethyl
acetate, the combined organic phases were washed with 1 M NaOH
and water, dried with Na,SO,, filtered and the solvent was evapo-
rated in vacuo to give 0.84 g (3.7 mmol; 71%) of pure 18 as a color-
less oil. '"H NMR (400 MHz, [Dg]DMSO): 6 = 4.30 (br. s, 3 H),
3.01 (s, 6 H), 2.05 (sept, 3J =29 Hz, 1 H), 1.29 (d, 3/ = 2.9 Hz, 6
H), 1.13 (d, 3J = 11.7 Hz, 3 H), 1.04 (d, 3J = 11.7 Hz, 3 H) ppm.
13C NMR (100 MHz, [Dg]DMSO): § = 71.6, 40.8, 38.6, 35.2, 28.1
ppm. HR-MS (EI): caled. for C3H,,03 226.1569, found 226.1570.

1,3,5-Tris(3-hydroxy-1-propynyl)adamantane (21): A solution of
1,3,5-triethynyladamantane (19) (1.00 g, 4.8 mmol) in 15 mL dry
THF were cooled to 0°C and 5.8 mL 2.5M nBuLi solution (in
hexane) was added dropwise. Paraformaldehyde (0.43 g,
14.4 mmol) was added in portions (over 30 min) at 0 °C. The re-
sulting reaction mixture was heated at reflux for 4 h. The mixture
was poured on ice and the aqueous phase was extracted three times
with ethyl acetate. The resulting organic phases were washed with
saturated aqueous NH4Cl solution and water, dried with Na,SO,,
filtered and the solvent was evaporated in vacuo to give the crude
product which was crystallized from petroleum ether/ethyl acetate
to give 1.34 g (4.5 mmol; 94%) of the alcohol 21 as a colorless
solid, m.p. 163 °C. IR (KBr): ¥ = 3289, 2928, 2905, 2859, 2236,
1451, 1357, 1229, 1156, 1021, 960, 645 cm™'. '"H NMR (400 MHz,
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[Dg]DMSO): § = 5.06 (t, 3J = 5.8 Hz, 3 H), 4.02 (d, 3°J = 5.8 Hz, 6
H), 2.03 (br. s, 1 H), 1.78 (br. s, 6 H), 1.68 (br. s, 6 H) ppm. 13C
NMR (100 MHz, [Dg]DMSO): 0 = 89.8, 80.1, 49.0, 46.3, 40.0, 29.6,
27.5 ppm. C9H,,03 (298.38): caled. C 76.48, H 7.43; found C
76.39, H 7.40.

1,3,5-Tris(3-tosyloxy-1-propynyl)adamantane (22): A solution of
alcohol 21 (100 mg, 0.34 mmol) and tosyl chloride (230 mg,
1.2 mmol) in 20 mL dry THF was cooled to 0 °C and KOH powder
(282 mg, 5.03 mmol) was added in portions. The reaction mixture
was stirred at 0 °C for 6 h and additional 6 h at room temp. The
resulting mixture was poured on ice and the aqueous layer was
extracted three times with dichloromethane. The organic layer was
dried with Na,SO,, filtered and the solvent was evaporated in
vacuo. The crude product was purified by column chromatography
(silica gel, petroleum ether/ethyl acetate, 7:3) to give 140 mg of 22
(0.18 mmol; 55%) as a colorless sticky foam. IR (film): ¥ = 2934,
2859, 2244, 1598, 1451, 1368, 1176, 940, 816, 761, 665, 584, 555
cm!. 'TH NMR (400 MHz, CDCls): § = 7.80 (d, 3J = 8.2 Hz, 6 H),
7.35(d, 3J = 8.2 Hz, 6 H), 4.70 (s, 6 H), 2.45 (s, 9 H), 1.97 (sept,
3] =29Hz 1 H), 1.42-1.49 (m, 12 H) ppm. '*C NMR (100 MHz,
CDCly): 0 = 145.2, 133.6, 130.0, 128.3, 94.8, 72.5, 58.5, 45.2, 39.9,
29.8, 27.6, 21.8 ppm. HR-MS (EI): calcd. (C40H4000S3) 760.1834,
found 760.1832.

1,3,5-Tris(2-cyanoethyl)adamantane (24):>°®! A solution of 1,3,5-
tribromoadamantane (30.00 g, 80.5 mmol), acrylonitrile (42.4 mL,
644 mmol), tributylstannane (86.6 mL, 322 mmol) and AIBN
(2.6 g, 16 mmol) in 200 mL toluene was heated to reflux in a 2-L
flask for 3 h. The resulting reaction mixture was washed with 0.5 M
ammonia and water. The aqueous phase was extracted twice with
ethyl acetate and the combined organic phases were dried with
Na,SO,, filtered and the solvent was evaporated in vacuo. The
crude product was filtered through silica gel. Byproducts were
eluted with 5% ethyl acetate in petroleum ether, the disubstituted
product 25 (6.10 g, 25.2 mmol; 31%) was eluted with 10% ethyl
acetate in petroleum ether and the trisubstituted product 24
(15.91 g, 58.8 mmol; 67%) was eluted with 50% ethyl acetate in
petroleum ether. 24: m.p. 118 °C. IR (KBr): ¥ = 3439, 2916, 2850,
2245, 1453, 1367 cm™!. 'TH NMR (400 MHz, CDCls): 6 = 2.29 (t,
3J=17.9 Hz, 6 H), 2.21 (sept, 3J = 3.1 Hz, 1 H), 1.56 (t, >J = 7.9 Hz,
6 H), 1.39 (d, 3J = 3.0 Hz, 6 H), 1.23 (d, 2J = 11.9 Hz, 3 H), 1.13
(d, 27 = 11.9 Hz, 3 H) ppm. '3C NMR (100 MHz, CDCl;): 6 =
120.4, 45.5, 42.0, 40.1, 33.7, 28.7, 11.3 ppm. HR-MS (EI): calcd.
(C19H,5N3) 295.2048, found 295.2087. C19H,5N3 (295.43): caled. C
77.25, H 8.53; found C 77.08, H 8.55.

1,3,5-Tris(2-carboxyethyl)adamantane (23): A solution of 24 (7.0 g,
24 mmol), 40 mL concentrated HCI and 5 mL water was heated to
reflux for 20 h. The resulting mixture was poured on ice water; the
product was filtered off, washed with cold water and crystallized
from MeCN. 8.0 g (23 mmol; 95%) of the title compound was iso-
lated as a colorless solid, m.p. 108 °C, '"H NMR (400 MHz, D,0):
0 =193-1.97 (m, 6 H), 1.68-1.71 (m, 1 H), 1.18-1.22 (m, 6 H),
1.14 (d, 3J = 2.1 Hz, 6 H), 0.98 (d, 2/ = 11.8 Hz, 3 H) 0.90 (d, 2J
=11.8 Hz, 3 H) ppm. '*C NMR (100 MHz, D,0): 6 = 185.4, 46.1,
40.9, 40.3, 33.4, 32.0, 29.5 ppm. MS (EI): calcd. for C;oH»30¢
[MH™*] = 353.19, found 353.20. C,9H,30¢ (352.43): calcd. C 64.75,
H 8.01; found C 64.63, H 7.97.

1,3,5-Tris(3-aminopropyl)adamantane (26): 3.34 g of 24 was dis-
solved in 400 mL dry THF and the resulting solution was cooled
to 0°C. 226 mL of a 1 M DIBAIH solution in hexane was added
dropwise to the reaction mixture at 0 °C. After heating to reflux
for 22 h, 90 mL methanol were added dropwise. The resulting sol-
ids were filtered and the solvent was evaporated to give 3.16 g
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(10.3 mmol; 91%) of the amine 26 as a colorless oil. IR (film): ¥
= 3283, 2923, 2844, 1579, 1451, 1386, 1317, 818 cm!. 'H NMR
(400 MHz, [Dg]DMSO): 6 = 2.35 (t, 3J = 7.0 Hz, 6 H), 1.91 (br. s,
1 H), 1.13-1.23 (m, 12 H), 0.92-1.02 (m, 12 H) ppm. 3C NMR
(100 MHz, [D¢]DMSO): ¢ = 46.8, 42.9, 41.4, 41.0, 33.0, 29.0, 26.8
ppm. HR-MS (ESI): caled. (MH™": C,;oH33N3) 308.3057, found
308.3060.

1,3,5-Tris[2-(methoxycarbonyl)ethylladamantane ~ (27): 6.5 mL
(13.0 mmol) of a 2 M solution of (trimethylsilyl)diazomethane in
diethyl ether was added dropwise, at room temperature, to a solu-
tion of 1.00 g (2.8 mmol) of 23 in 20 mL of toluene/methanol (1:3).
The resulting suspension was stirred for 40 h at room temperature
and 0.5 mL acetic acid was added. The solvent was evaporated in
vacuo and the residue was dissolved in 100 mL of 1 M aqueous
NaOH. The resulting suspension was extracted three times with
100 mL of dichloromethane. The combined extracts were dried
with Na,SOy, filtered and the solvent was removed in vacuo to give
0.70 g (1.8 mmol; 63%) of pure triester 27 as an oil. IR (film): ¥ =
2911, 2845, 1739, 1452, 1436, 1310, 1167 cm!. 'H NMR
(400 MHz, CDCl3): 6 = 3.65 (s, 9 H), 2.24 (t, 3J = 8.3 Hz, 6 H),
2.09 (sept, 3J = 2.9 Hz, 1 H), 1.13 (d, 2J = 11.9 Hz, 3 H), 1.04 (d,
2J = 11.8 Hz, 3 H) ppm. '*C NMR (100 MHz, CDCl5): 6 = 175.0,
51.7, 46.2, 40.9, 38.4, 33.4, 29.2, 28.2 ppm. HR-MS (EI): calcd.
(C5,H340¢) 394.2355, found 394.2356.

1,3,5-Tris(3-hydroxypropyl)adamantane (28): A solution of 27
(0.67 g, 1.70 mmol) in 15mL dry THF was cooled to 0°C and
LiAlH,4 (0.58 g, 15.3 mmol) were added. The reaction mixture was
heated to reflux for 4 h and the resulting solution was poured on
ice/HCI. The aqueous phase was extracted three times with ethyl
acetate, the combined organic phases was washed with 1 M NaOH
and water, dried with Na,SO,, filtered and the solvent was evapo-
rated in vacuo to give 0.52 g (1.67 mmol; 99%) of pure 28 as a
colorless oil. IR (film): ¥ = 3289, 2920, 2840, 1449, 1055, 1011
cm!. 'TH NMR (400 MHz, [D4]MeOH): § = 3.35 (t, 3J = 6.8 Hz, 6
H), 2.07 (sept, 3J = 2.8 Hz, 1 H), 1.45-1.53 (m, 6 H), 1.38 (d, 3J =
2.8 Hz, 6 H), 1.11-1.22 (m, 12 H) ppm. '3C NMR (100 MHz, [D,]-
MeOH): 0 = 64.0, 48.3, 42.7, 41.2, 34.4, 31.1, 26.9 ppm. HR-MS
(EI): caled. (C19H3403) 310.2508, found 310.2505.

Supporting Information (see also the footnote on the first page of
this article): 'H and '*C-NMR spectra of all new compounds.
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