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Abstract: A general procedure for the
assembly of hetero-bifunctional cubic
silsesquioxanes with diverse functional-
ity and a perfectly controlled distribu-
tion of functional groups on the inor-
ganic framework has been developed.
The method is based on a two-step se-
quence of mono- and hepta-functional-
ization through the ligand-accelerated
copper(I)-catalyzed azide—alkyne cyclo-
addition of a readily available octa-
azido cubic silsesquioxane. The stoichi-
ometry of the reactants and the law of

mine the selectivity of the key mono-
functionalization reaction when a
copper catalyst with strong donor li-
gands is used. The methodology has
been applied to the preparation of a
set of bifunctional nano-building-
blocks with orthogonal reactivity for
the controlled assembly of precisely de-
fined hybrid nanomaterials and a fluo-
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rescent multivalent probe for applica-
tion in targeted cell-imaging. The inor-
ganic cage provides an improved pho-
tostability to the covalently attached
dye as well as a convenient framework
for the 3D multivalent display of the
pendant epitopes. Thus, fluorescent
bioprobes based on well-defined cubic
silsesquioxanes offer interesting advan-
tages over more conventional fully or-
ganic analogues and ill-defined hybrid
nanoparticles and promise to become
powerful tools for the study of cell bi-

binomial distribution essentially deter-

Introduction

The “bottom-up” modular construction of 1D, 2D, and 3D
nanomaterials with molecular precision at the nanometer
scale is of paramount interest for the fine-tuned control of
their macroscopic properties. For this endeavor, it is essen-
tial to have a ready and scalable access to a set of structural-
ly well-defined, homogenous nano-building-blocks with di-
verse functionality as well as a set of efficient chemical reac-
tions (ideally “click”-type)!!! for their functionalization.
Within the last two decades, polyhedral oligosilsesquioxanes
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ology and for biomedical applications.

(POSS)? have emerged as an increasingly important group
of 3D nano-building-blocks for the preparation of a variety
of hybrid functional-materials.’! POSS are cage-like mole-
cules with a core-shell composition consisting of a siloxane
inorganic scaffold decorated with organic substituents at the
vertices. Due to their rigid inorganic core, these unique
nanometer-sized hybrid molecules have superior mechanical
and thermal stabilities that are partially transmitted to their
derived materials. Applications in areas as diverse as poly-
mers, composite materials, dendrimers, optical materials,
coatings, liquid crystals, metal catalysts, drug carriers, and
tissue engineering have been described, particularly in the
patent literature.®* POSS are usually synthesized by hydro-
lytic condensation of organosilicon monomers RSiX; (R=
organic group; X=halogen or alkoxide group) and can be
readily modified both on the inorganic cage (e.g., Tg, Ty,
Ty, and so on)®! and the peripheral organic functionality
(mono-, multi-, homo- or heterofunctionalized).

The most promising POSS monomers are the highly sym-
metrical and topologically ideal cube-octameric frameworks
(Tg), with the general formula type (RSiO,s); and a cage
size of approximately 0.5-0.7 nm.”®! Most known cubic
POSS are homo-octafunctionalized. Among these, octa-
hydridooctasilsesquioxane (1),l the simplest Ty compound,
together with octavinyloctasilsesquioxane (2),”) octaphenyl-
octasilsesquioxane  (3),*®  octakis(3-chloropropyl)octa-
silsesquioxane (4),°“! and octakis(3-aminopropyl)octasilses-
quioxane (5)!'! (Scheme 1) have been the most useful pre-
cursors to a variety of different Ty monomers and derived
materials. However, the derivatization of the POSS cage
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Scheme 1. Readily available homo-octafunctionalized POSS (1-6) used
for the preparation of diverse hybrid materials and bifunctional POSS
derivatives (7-16) prepared from 6 in this work.
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with mixed sets of functional groups can provide still greater
diversity, widely expanding their applications for polymeri-
zation, ¢! grafting ) surface bonding,*) bioconjugation,*
and other useful transformations. POSS containing an as-
sortment of two different organic groups (hetero-bifunction-
al POSS)!"! are the simplest class among these multifunc-
tional derivatives and possibly the most useful, but those al-
lowing independent derivatization of both functionalities
have scarcely been reported. For example, the functionaliza-
tion of the POSS cage with both a biorecognition element
(e.g., a peptidic, nucleic acid, or carbohydrate epitope) and
an “active” molecule, such as a fluorescent dye, a magnetic
resonance imaging probe, a drug or other functional mole-
cules, is of great interest for potential applications in bio-
imaging, vectorized drug-transport, or for the study of bio-
logical receptors.“!?l The preparation of Janus-type POSS
particles is also a very promising application that is being ac-
tively pursued.'*' Five different strategies have been de-
scribed in the literature for the preparation of hetero-bifunc-
tional POSS: 1) direct co-hydrolytic condensation of mix-
tures of different organosilicon monomers;***! 2) nucleo-
phile-induced cage reshuffling of mixtures of different pre-
formed POSS;' 3) cross-condensation of two cyclic
tetrasiloxane tetraols (“half-cube” silsesquioxanes);***!"]
4) corner-capping of incompletely condensed silsesqui-
oxanes;!**!83 and 5) partial functionalization of homo-octa-
functional POSS."**" I However, a majority of examples
prepared by these routes contain simple alkyl or aryl groups
as one of the two functionalities and, hence, are not readily
amenable to further derivatization without compromising
the integrity of the inorganic cage and/or the accompanying
organic functionality, which considerably limits their poten-
tial applications. This is generally the case for the corner-
capping route. In addition, only with the exception of this
route and some peculiar cases of mono-[""! and di-functiona-
lized™=2"1 POSS, statistical mixtures of multi-functionalized
cages and their various structural (and stereo-) isomers
(Figure 1) are usually formed, which are difficult to sepa-
rate.?* 1%l Thys the selective synthesis of bifunctional
POSS with well-defined substitution patterns is still a com-
plex and largely unsolved challenge, in spite of recent
progress.

Our group has previously described the synthesis of octa-
kis(3-azidopropyl)octasilsesquioxane (6, Scheme 1)?!! from
readily available 5 by a diazo-transfer reaction® and its
highly efficient octafunctionalization through copper(I)-cat-
alyzed azide-alkyne 1,3-dipolar cycloaddition™ (CuAAC, a
paradigmatic example of “click” reaction!!) with a variety
of terminal alkynes.”**?% Following this approach, several
new octaglycosyl-POSS conjugates were readily assembled
and their multivalent interaction with a complementary pro-
tein receptor, the model plant-lectin ConA, was thoroughly
studied by using an array of biophysical techniques.”!
Armed with this simple and efficient methodology for the
preparation of diverse homo-octafunctionalized POSS deriv-
atives, we now describe that 6 is also an optimum scaffold
for the controlled synthesis of structurally well-defined
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mono-/hepta-functionalized %
di-/hexa-functionalized % % %

tri-/penta-functionalized % % %

e 3 0 3 H 36 3
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Figure 1. All possible POSS products and their different structural isomers (and stereoisomers) that can be
generated in the reaction of a homo-octafunctional cubic POSS with a monofunctional reagent.

hetero-bifunctional POSS derivatives equipped with orthog-
onally reactive groups as versatile building blocks for the
controlled assembly of diverse hybrid functional-materials.
To this end, we have followed a simple two-step strategy
(Scheme 2), which involves the highly selective monofunc-
tionalization of 6 by a controlled CuAAC reaction with a
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Scheme 2. Sequential click strategy for the preparation of structurally
well-defined bifunctional POSS.

terminal functional alkyne followed by the subsequent
CuAAC of the remaining seven azide groups with a second
functional alkyne. This strategy, based on two sequential
click reactions, is a powerful method for attaching virtually
any pair of mutually compatible functionalities to the POSS
framework. However, due to the octafunctional character
and cubic symmetry of 6, the key monofunctionalization
step requires a careful optimization of the reaction condi-
tions to avoid the formation of complex statistical mixtures
of polytriazolyl-POSS derivatives (Figure 1) that would com-
plicate the purification of the required monotriazolyl-POSS
product. We have recently reported on the interesting pho-
tophysical and laser properties of a fluorescent derivative of
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6 containing a single 4,4-di-
fluoro-4-bora-3a,4a-diaza-s-in-

dacene (BODIPY) chromo-
phoric substituent (compound
7). We now disclose in detail

¥ ¥

octa-functionalized

Si-O~g the synthetic methodology and

6 - §i%?:osfz optimization studies that led to
Qéai' o3 the hybrid dye 7 and the exten-

~ors sion of the new methodology to

the preparation of other bifunc-
tional POSS (8-17, Scheme 1).
As will be shown below, both
the stoichiometry of the initial
CuAAC monofunctionalization
reaction as well as the nature of
the employed copper(I) catalyst
need to be carefully adjusted
for optimum results. As a proof of concept, we have used
this strategy for the preparation of a set of well-defined
hetero-bifunctional POSS with a variety of orthogonally re-
active functional groups as well as a POSS derivative that
combines a cluster of sugar epitopes and a fluorescent dye,
which has been shown to be a useful probe for bioimaging
of cell surface receptors.

Results and Discussion

Synthetic methodology: Octaazide 6 is an ideal starting scaf-
fold for the preparation of bifunctional POSS derivatives
since the irreversible character, wide substrate-scope and
outstanding efficiency of the CuACC reaction can enable
the fine-tuned control of the extent of the derivatization
with a diversity of functional terminal alkynes. However,
with eight reactive and symmetry-equivalent vertex groups
on cubic 6, the formation of statistical mixtures of polyfunc-
tionalized products (and their isomers; see Figure 1) is un-
avoidable under usual homogeneous reaction conditions. As
for other cases of monoderivatization of a homo-multifunc-
tional substrate, polysubstitution can in principle be mini-
mized by a judicious selection of the appropriate stoichiom-
etry of the reactants, depending on the number of equiva-
lent reactive groups on the substrate.””! Surprisingly, there is
no consensus in the literature as to what stoichiometry
should be preferably employed for the selective monoderiv-
atization of a homo-octafunctional POSS, with reported re-
actant/POSS molar-ratios varying widely from 1:1 to 1:8. If
one assumes that all functional groups on the starting octa-
functional POSS as well as on its resultant partially substi-
tuted derivatives have all the same reactivity independently
of the extent of substitution,®! a statistical mixture of prod-
ucts will be formed that will ideally follow a binomial distri-
bution.””! Table 1 shows the theoretical binomial distribution
of all possible products that can be obtained in the derivati-
zation reaction of an octafunctional POSS (or any other
molecule with 8 equivalent reactive groups) with a mono-
functional reagent, ranging from unreacted (unsubstituted)
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Table 1. Theoretical yields™ of substituted POSS products formed in the
reaction of a homo-octafunctional POSS with a monofunctional reagent
(X) as a function of the reaction stoichiometry (n), predicted by the law
of binomial distribution."!

other
+ X — . . partially
substituted
(n equiv) POSS

(1 equiv)

Number of vertex substituents on POSS that have reacted
n o 1 2 3 4 5 6 7 8

0.1 9043 9565 424 011 0.00 0.00 0.00 0.00 0.00
025 77.57 8925 10.08 0.65 0.03 000 000 0.00 0.00
0.5 59.67 7892 1841 246 020 0.01 0.00 0.00 0.00
1.0 3436 5983 2991 855 153 017 0.01 0.00 0.00
2.0 10.01 29.67 3461 23.07 9.61 256 043 0.04 0.00
3.0 233 11.44 24.03 2883 21.63 1038 311 0.3 0.04
4.0 039 314 1098 2196 2745 2196 1098 3.14 0.39
5.0 004 052 3.04 1014 21.13 2817 2348 11.18 2.33
6.0 000 0.04 038 231 865 2076 31.15 26.70 10.01
7.0 0.00 0.00 0.01 011 100 561 19.63 3927 3436
8.0 0.00 0.00 0.00 0.00 000 000 0.00 0.00 100.00

[a] Calculated with respect to the limiting reagent. [b] For the statistical
calculations, we have assumed that all functional groups on the different
partially functionalized POSS derivatives have the same reactivity, inde-
pendently of the extent of substitution. [c] Yield of unreacted POSS rela-
tive to total starting POSS.

starting substrate to fully (octa-) substituted product, as a
function of the stoichiometry of the reaction. For an equi-
molar reaction mixture of POSS and derivatization reagent
(n=1, Table 1, entry 4), the maximum yield of monosubsti-
tuted POSS theoretically expected is only 39.27 %, accompa-
nied by 34.36 % unreacted POSS, and with the remaining
substrate (26.37%) yielding a mixture of polysubstituted
products (mainly di- and tri-substituted derivatives).” Thus,
under these conditions, up to 60.73% of the derivatization
reagent will be wasted in the production of undesired poly-
substituted POSS cages, which would be an untenable situa-
tion for the introduction of expensive and highly elaborated
substituents and/or for valuable POSS substrates. Recalcu-
lating the yields with respect to the total reacted POSS (i.e.,
subtracting the recovered starting material, see Table 1), the
mixture of substituted products obtained in this case will
consist mainly of 59.83 % monosubstituted, 29.91 % disubsti-
tuted, and 8.55% trisubstituted POSS, with negligible
amounts (<2 %) of higher-substituted derivatives. Lowering
the reagent/POSS stoichiometry n (Table 1, entries 1-3) will
improve the selectivity of monosubstitution at the expense
of reducing overall POSS conversion. However, this is a
simple and very effective strategy for the selective prepara-
tion of monosubstituted POSS compounds provided that
excess unreacted POSS could be readily recovered from the
reaction mixture and recycled.®” Thus, by using a 1:10 re-
agent/POSS molar ratio (n=0.1; Table 1, entry 1) will pro-
duce the monosubstituted compound with very high
(95.65%) selectivity with only 8.4% of derivatization re-
agent lost in producing higher substituted POSS derivatives,
although with a low 9.16% yield of monosubstituted cage
calculated with respect to total starting POSS. A 1:4 re-
agent/POSS molar ratio (n=0.25; Table 1, entry2) gives
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about 90% selectivity for monosubstitution in 20% yield
with respect to total starting POSS, with approximately
20% of derivatization reagent lost in producing polysubsti-
tuted derivatives, which could be a balanced compromise in
the case of inexpensive reagents. One can also conclude
from the analysis of Table 1 that no other partially substitut-
ed POSS derivative would be selectively accessible by
simply modifying the stoichiometry of the functionalization
reaction, since complex statistical mixtures of products will
be always obtained for 1<n <8 (Table 1, entries 5-10). Of
course, this corollary does not necessarily hold true for the
case of sterically hindered or polyfunctional derivatization
reagents.

Although the CuAAC monofunctionalization of 6 could
in principle be achieved by simply performing the reaction
with a large excess of POSS over alkyne, as explained
above, it is known that attempted CuA AC monofunctionali-
zation of some polyazides can show unusual product distri-
butions that deviate significantly from those expected on a
purely statistical basis. Thus, 1,2- and conformationally con-
strained 1,3-diazides preferentially afford bis-triazoles at the
expense of the expected monotriazole, even when an excess
of diazide with respect to alkyne is employed.*Y This unusu-
al result has been tentatively ascribed to direct participation
of the initial Cu-triazolide intermediate in the subsequent
click reaction of a vicinal-azide group.F'! Whereas TBTA
(Scheme 3), a widely used accelerating copper(I)-ligand, did

—\ N —| Br
NN (\ ! /)—\N\*Cme

Y H37C18\/N’ -Cu-

C|u H37C1g AN C1gHyr

Br Ha7Clg CisHaz
[(IPF)CuCI] [Cu(C18gtren)]Br

KO,C Q

0
N \ E?_/{om

j/N
COK
K(/N 2 [CuTC]
-

N
N
N
~

KO,C
(BimC4A)3
,—Ph
,N_N
N -~
Ph

TBTA 7a
Scheme 3. Copper catalysts, ligands, and model (fluorescent) alkyne used

in the optimization studies of the CuAAC monofunctionalization of
octaazide 6.
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not have a significant effect on
the outcome of diazide reac-
tions, Finn and co-workers have
described that some (benz-
imidazolylmethyl)amine ligands
(e.g., (BimC4A);, Scheme 3)
gave the monotriazole as the
major product in the expected
2:1 mono-/bis-triazole statistical
ratio in one example of confor-
mationally rigid 1,3-diazide
using a 1:1 diazide/alkyne reac-
tion stoichiometry.!!

For the initial optimization
study of the CuAAC mono-
functionalization of octaazide 6,
we selected the fluorescent
BODIPY dye 7a (Scheme 3) as
a model alkyne, which we have
used previously for the prepara-
tion of an octa-BODIPY-POSS
cluster. The reaction could be
easily followed by TLC by
simple naked eye inspection,
and affords a POSS derivative 7
(Scheme 1) labeled with a
single fluorescent probe and
seven additional reactive azide
groups ready for further func-
tionalization with any molecule
of interest having a terminal al-
kynyl group. In addition, as we
have already shown, compound
7 is an interesting hybrid dye
for the preparation of solid-
state laser materials with im-
proved thermal and photo-
chemical stability.”"! Based on
the previous statistical calcula-
tions, we selected a rather con-
servative tenfold molar excess
of 6 over alkyne 7a to guaran-
tee a very high statistical selec-
tivity for the monofunctional-
ized product 7 (Tablel,
entry 1). However, under the
previously optimized condi-
tions,”! using CuSO,/sodium
ascorbate as catalyst in a bipha-
sic CH,CL,/H,0O (1:1)P? solvent
mixture, a very low yield (9%)
of monotriazolyl-POSS 7 was

obtained together with unreacted 6 and a complex mixture
of uncharacterized polytriazolyl-POSS products (Table 2,

FULL PAPER

Table 2. Optimization of the CuAAC monofunctionalization of octaazide POSS 6 with fluorescent alkyne 7a

to afford bifunctional POSS 7.1

Entry Catalyst Base Solvent (v/v ratio) T t Yield
[°C]"™ [h]  [%]

1 CuSO,5H,0, sodium ascorbate - CH,Cl,/H,0 (1:1) 25 20 9

2 [CuTC] iPr,NEt THF 80 (MW) 2 25

3 [CuCI(IPr)] iPr,NEt PhMe 80 MW) 11 57

4 CuSO,5H,0, sodium ascorbate, (BimC,A); - THF/H,0 (5:1) 25 15 48

5 [Cu(C184tren)]|Br iPr,NEt PhMe 80 (MW) 6 82

[a] A molar ratio 6/7a=10:1 was used in all cases. [b] MW indicates that the reaction was carried out under
microwave heating. [c] Yields of the isolated product (column chromatography).
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Figure 2. a) 'H (400 MHz, CDCl;) and b) ¥Si NMR (79.5 MHz, CDCl,) spectra of compound 7 showing partial
peak assignments. The numbers under the spectral line in (a) show relative integral regions for the correspond-

ing peaks.

entry 1). Thus, in the absence of added copper ligands, oc- ratio as above, we

taazide 6 showed the same strong preference for the forma-
tion of polytriazolyl products previously observed by Finn

Chem. Eur. J. 2013, 00, 0-0 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

and co-workers®!! for apparently more conformationally
constrained polyazides. By using the same 6/7a=10:1 molar

screened different copper catalysts

(Scheme 3) and reaction conditions (e.g., aqueous or anhy-
drous solvents, with or without added base, at room temper-

www.chemeurj.org
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ature or under microwave heat-
ing) with the objective of mini-
mizing the formation of poly-
triazolyl-POSS  products  to
obtain 7 in the expected statisti-
cal yield. Copper(I) thiophene-
2-carboxylate ([CuT(C],
Scheme 3), which has been re-
cently used in CuAAC reac-
tions of sulfonyl azides,*! gave
a slightly better yield of 7
(25%) after heating for two
hours under microwave irradia-
tion in THF (Table 2, entry 2),
but this outcome was still far
from the expected statistical
value. Better results were ob-
tained with a copper(I) catalyst

N.
S~
Cu R

g =g
= R O Cu — R O \
é&s"'&/\ é&s&/\ ‘. R
6 [ 7 N3 _ 7 N3 >

b.si b.si =
Cu' cat 2 oS 2 ysi H

vO N i vO N
B (base) oo S 3 (no added ligand) oS 3

N3 N3
A B

ligand-accelerated l BH*

protonolysis
No
~N
H R

$<g

O: o0 Cu H R
é~Si:{/\N3 s R— R
o ebsi N=
(o) 07 =N
o5 \Ns vO N3
‘&"Sl ZV-SI
N3 N3
C D

bearing an N-heterocyclic car-
beneP* ligand ([(IPr)CuCl],
Scheme 3) or with Finn’s tetra-
dentate tripodal amino ligand
(BimC,A);> (Scheme 3;
Table 2, entries 3 and 4, respec-
tively). The tetramine [Cu-
(C184tren) |Br catalyst?
(Scheme 3) with added Hiinig’s
base in toluene as solvent and under microwave heating
gave the highest yield of 7 (82 %; Table 2, entry 5), close to
the expected statistical value (95.65%). In all cases, the rest
of alkyne 7a was transformed into a complex mixture of
polytriazolyl POSS products, as shown by 'H NMR analysis
of the remaining mixed fractions from column chromatogra-
phy. The structure of 7 was unambiguously confirmed by
high-resolution mass spectrometry and multinuclear (‘H,
BC, #Si) NMR spectroscopy (see Figure 2 and the Support-
ing Information). The degree of substitution can be readily
recognized by the 7(4+3):1 and 4:3:1 pattern distribution of
'H (Figure 2a) and *Si NMR (Figure 2b) signals, respective-
ly, as expected from molecular symmetry considerations.!>
The #Si chemical shifts are within the expected region for
an alkyl-substituted cubic POSS (ca. 6=-65 to
—70 ppm ).

An informed speculation to explain the observed ligand
effect on the selectivity of the CuAAC reaction is the fol-
lowing. According to previous mechanistic studies by Finn
and co-workers,*! the rate-limiting step of the CUAAC reac-
tion apparently changes from the protonolysis of the Cu-tri-
azolide intermediate to the alkyne deprotonation—cycloaddi-
tion sequence upon incorporation of chelating ligands on
the copper catalyst. Therefore, under Sharpless conditions
(no ligand) a build-up of Cu-triazolide A (Scheme 4) is ex-
pected to occur that kinetically favors its coordination to
azide or alkyne (B) and the subsequent intramolecular for-
mation of polytriazolyl products (through D). In contrast,
chelating ligands hamper the further coordination of the
metal in A and accelerate the protonolysis of A to C, divert-
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Polytriazole-enriched
product mixture

Scheme 4. Simplified mechanistic rationale for the observed ligand effect on the selectivity of the CuAAC
monofuntionalization of octaazide 6.

conditions
_— 14

Pz
o) Z
14a ~7
Conditions Yield [%)]
cat CuS0Oy4-5H,0, sodium ascorbate 10
CH,CI/H,O (1: 1), RT, 3h
cat [Cu(C18gtren)]Br, iPr,NEt, 79
toluene, 80 °C (MW), 6 h
OH cat CuSO,4-5H,0, (BImC4A)3,
HO e} sodium ascorbate
HO
pte) + 6 15

CH,Clo/H,0 (1: 1), RT, 2 h

OMOZ\ 63%
15a

Scheme 5. Synthesis of mono-glycosyl-POSS 14 and 15. A 2:1 (BimC,A),/
copper molar-ratio was employed.

ing the copper catalyst towards another cycle of alkyne de-
protonation and intermolecular cycloaddition to afford a
statistically controlled mixture of triazole products with a
final composition essentially determined by the initial stoi-
chiometry of the reactants and the law of binomial distribu-
tion (Table 1). The apparent correspondence observed be-
tween the selectivity of the monofunctionalization reaction
and the donor strength of the copper ligand, which approxi-
mately correlates with its proton affinity, is in agreement
with this mechanistic view.""!
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Table 3. Synthesis of hetero-bifunctional POSS 8-13 with orthogonal re-
activity by selective CuA AC monofunctionalization of octaazide 6.

N NEKR

=-R (8a-13a) s,—O\S|
(0.1 equiv) Ns\ O‘O
6 — » "O*Sl'\/\N
o, * [Cu(C18gtren)]Br Ns—4_Si~ok.si ’
(0.1 equiv) ‘S(Lo,éo N3
iPryNEt, toluene
80 °C (MW) Ny Ny
8-13
Entry R, POSS product t Isolated product
[h]  yield [%]®
1 YO 8 3 51.(87)
2 ’é\’o(“/\o)‘, 9 2 74 (99)
Scheme 6. Possible applications of complementary reactive mono-/hepta- S
functionalized POSS for nanoconstruction of dumbbell-shaped POSS '
dyads and complex 3D POSS assemblies. 3 o~ /©/ 10 2 87 (89)
$ \/O\/\/H 0
A similar catalyst-effect on selectivity was observed for 4 \g j< 2 64 (%6)
the CuAAC reaction of 6 with other alkynes (Scheme 5). o]
Thus, the acetal-protected a-p-mannose glycoside 14a gave 5 \f\/O\)J\OJ< 22 83 (94)
also a low yield (10%) of monosubstituted POSS 14 under $_0
Sharpless conditions by using a biphasic aqueous solvent 6 5 3 68 (85)
mixture and a tenfold molar excess of 6, but the yield im- OOO i .
proved to 79% by using the [Cu(Cl184tren)]Br catalyst
under the optimized reaction conditions with the same stoi- [a] Recovery yield of excess 6 is shown in parenthesis.
chiometry. However, these optimized conditions are not ap-
propriate in the case of water-soluble alkynes such as 15a,
which is not readily soluble in apolar organic solvents. In ester (12) or amide bond formation (11, 12), amine depro-
this case, addition of the water-soluble ligand (BimC,A); (in tection followed by diazo-transfer and subsequent CuAAC
a 2:1 ligand/copper molar ratio) to a biphasic CH,Cl,/H,O reaction (11), or Diels—Alder cycloaddition (13) could pro-
solvent reaction mixture containing a catalytic amount of vide access to a large variety of new hetero-bifunctional
CuSO,5H,0 and an excess of sodium ascorbate afforded POSS. In addition, the obtained bifunctional POSS nano-
the monosubstituted POSS 15 in a short reaction time and building-blocks could be readily homo- or hetero-dimerized
in a reasonably good yield. to afford, respectively, symmetric or asymmetric dumbbell-
To study the scope and versatility of the method, we syn- shaped POSS dyads,***! or they could be assembled with
thesized a set of hetero-bifunctional POSS 8-13 with orthog-
onal reactivity by using a variety of alkynes functionalized
with alkene (8a and 9a), halobenzene (10a), protected RZ\%
amine (11a), protected carboxylic acid (12a), or anthracene N:N’N—\/\ /\/\N/H/R1
(13a) end-groups (Table 3). The monotriazolyl-POSS prod- RE /o\SI
ucts were obtained in good yield and with excellent selectiv- 2232;82;05,1;?6 N:NNmsﬁ)S\?o\Sl N R
ity by using the optimized conditiogs. The structu.res of the 7 * 16a m R2— N\/\Oyaxo SI*\‘N‘N
new POSS products were unambiguously confirmed by e " sNo,_S. w2
high-resolution mass spectrometry and multinuclear ('H, ° )N\/N J\/ \/kr\iNQN
13C, ¥Si) NMR spectroscopy (see the Supporting Informa- RZTN \)\RZ
tion). Recovery of excess 6 from the crude reaction mixture \
was close to quantitative in all cases (see Table 3). This set 0% J\
of hetero-bifunctional POSS allows for the selective, step- %M)o
wise modification of the cage functionality at either the R2= “{\(0“7‘40 16
azido groups or the other orthogonal functionality for the ACOH-H,0 (80%), RT OH o
preparation of new bifunctional hybrid materials with well- 9% oK,
defined structures. For example, the combination (in the ap- re< {00 17
propriate order) of CuAAC heptafunctionalization with 4
either alkene homo/cross-metathesis (8, 9), transition-metal- Scheme 7. Synthesis of fluorescently labeled POSS glycoclusters 16 and
catalyzed cross-coupling (8, 9, 10), deprotection followed by 17.
Chem. Eur. J. 2013, 00, 0-0 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org
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complementarily reactive
homo-octafunctional-POSS
monomers to produce even
more complex 3D constructs
(Scheme 6).

Confocal microscopy study: As
a proof of concept to demon-

strate the effectiveness of this 3 T
synthetic strategy for the prepa- o2 80 78 76 74
ration of complex, well-defined 5/ppm

bifunctional materials, we have
prepared a multivalent fluores-
cent probe for application in
targeted cell-imaging. To this
end, we proceeded to react the
seven azide groups of mono-

44 44 43 43 42
5/ ppm

a,a

BODIPY-POSS 7 with a termi-

nal alkyne functionalized with
a carbohydrate epitope
(Scheme 7). The acetal-protect-

6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0

5/ ppm

ed a-p-mannose derivative 16a, b) ,
. . R\‘/\ c . d
equipped with a propargylated N a a VSR si
tetraethyleneglycol connector, R 0" b s./O\sw/\b/\ NN Si
= )/ ©

was selected for this task. The W v ) d < @

. . . . N N=N S|—-\O—slf'\/\N N _R? 3
hepta-click functionalization of RZ’\/N\AOVSI——O\—&WN\N @ ]
7 proceeded efficiently to N S-~O.,s'.o N\A\RZ {
afford the isolated 16 in 75% L)NJ\/ ey si*
yield (=96% yield per azido e 7R

group) by using the same opti-
mized reaction conditions pre-
viously described by our group R =
for the octafunctionalization of
6.1 Removal of the protect-
ing acetal groups under mildly
acidic conditions?"*! produced

eyl et A g b

oLt )

the fluorescently labeled glyco-
POSS cluster 17 in quantitative
yield. The structures of 16 and
17 were unambiguously con-
firmed by MALDI-TOF and
multi-nuclear (‘H, BC, ¥Si)
NMR spectroscopy (see
Figure 3 and the Supporting Information). As in the case of
compound 7 (Figure 2), the degree of substitution could be
readily recognized by the 4:3:1 pattern distribution of 'H
(Figure 3a) and »Si NMR (Figure 3b) signals, as expected
from molecular symmetry considerations.® The *Si chemi-
cal shifts are, again, within the expected region for an alkyl-
substituted cubic POSS.” As expected, the dispersion of
»Si chemical shifts in these octatriazolyl-POSS derivatives
(16, 17) are narrower than those of the monotriazolyl-
heptaazido-POSS derivatives 7-15.

Water-soluble glyco-POSS 17 was assayed as a fluorescent
probe for the imaging of C-type lectin receptors (CLRs)P
present on the surface of antigen-presenting cells by using
fluorescence microscopy. An important group of CLRs rec-

for the triazole protons.
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Figure 3. a) 'H (400 MHz, CDCl;) and b) ¥Si NMR (79.5 MHz, CDCl;) spectra of compound 16 showing parti-
al peak assignments. The numbers under the spectral line in the left inset of (a) show relative integral regions

ognize oligosaccharides containing mannose and/or fucose,
including the mannose receptor (MR)*! and DC-SIGN
(dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin, also called CD209)* on dendritic
cells (DC). DC-SIGN in particular has attracted much inter-
est since its discovery in 2000, because it binds to a large
range of clinically relevant pathogens, including HIV, Ebola
virus, Candida albicans and Leishmania, among others, facil-
itating their uptake for subsequent antigen presentation.*!]
Both, MR and DC-SIGN bind to glycan patterns present on
the surface of pathogens through multivalent carbohydrate—
protein interactions. With its seven mannose epitopes, glyco-
POSS 17 is properly equipped to sustain a multivalent bind-
ing to MR and DC-SIGN. In addition, the covalent attach-

Chem. Eur. J. 0000, 00, 0-0
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Figure 4. Live confocal microscopy analysis of the interaction of glyco-POSS 16 (panel A) and 17 (panels B and C) with stable K562 transfectant cells ex-
pressing DC-SIGN (K562-CD209). The cells were incubated with the glyco-POSS in phosphate-buffered saline for 10 min at 4°C. The cell nuclei were
subsequently stained with 4',6-diamidino-2-phenylindole. Insets show large images for the indicated cell. Results are representatives of multiple cells in

three independent experiments. Scale bar =10 pum.

ment of the BODIPY chromophore to the inorganic cage of
POSS confers an improved photostability to the multivalent
construct as we have described recently,?** which is partic-
ularly important for the new imaging techniques developed
in optical microscopy that require high-laser-intensity irradi-
ation.

We have used confocal laser-scanning microscopy to visu-
alize the binding interaction of fluorescent glyco-POSS clus-
ter 17 with cell surface receptors of human K562 cells stably
transfected with DC-SIGN (K562-CD209),*/ which express
a high level of endogenous DC-SIGN (Figure 4). Analogue
16, which has all its key sugar hydroxyls blocked with acetal
protecting groups and should therefore be unable to interact
specifically with the sugar receptors, was used as control.
The cells were incubated with the probe for a short time
(10 min) and at low temperature (4°C) to minimize the re-
ceptor-mediated endocytosis of the glyco-POSS. The slow
off-rate of 17 from the receptors, as expected for a multiva-
lent binding interaction, allowed imaging (at room tempera-
ture) to take place following washout of the unbound fluo-
rescent probe. Live confocal images revealed the strong
fluorescence of 17 located mainly at the cell membrane (Fig-
ure 4b and c), although a minor internalization of the probe
into the cytoplasm was unavoidable in spite of the precau-
tions taken to avoid the receptor-mediated endocytosis. In
comparison, only a very faint and diffuse (nonspecific) stain-
ing was observed for the control compound 16 (Figure 4a).

Conclusion

We have shown that readily available octakis(3-azido-
propyl)octasilsesquioxane (6) is an ideal starting material
for the controlled assembly of well-defined hetero-bifunc-
tional POSS. Successive grafting of two different groups on
the POSS core has been efficiently achieved by using two
sequential ligand-accelerated CuAAC functionalizations.

Chem. Eur. J. 2013, 00, 0-0
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The key initial monofunctionalization of 6 required a careful
optimization of the reaction conditions to minimize forma-
tion of complex mixtures of polysubstituted POSS products.
The selectivity of this reaction is not only dependent on the
stoichiometry of the reactants, but also on the donor ability
of the ligands on the copper catalyst. A simple statistical cal-
culation proved to be essential for an informed decision on
the appropriate reaction stoichiometry required for the se-
lective monofunctionalization of homo-octafunctional POSS
molecules. A screening of copper catalysts showed that [Cu-
(C184tren) |Br provided the reaction outcome closest to the
expected statistically. This catalyst effect on selectivity can
be ascribed to the ligand-accelerated protonolysis of the
copper-triazolide intermediate of the CuAAC reaction in
combination with the hampering of further coordination of
the metal in this intermediate to alkyne or azide. The pres-
ence of a tethered carboxylic acid on the ligand does not
seem to be really required for this accelerated hydrolysis.*'"

The wide substrate scope and high efficiency of the click
functionalization allow for the easy preparation of a large
variety of unprecedented hetero-bifunctional POSS with a
perfectly controlled distribution of functional groups on the
cubic framework. To demonstrate the versatility of this
methodology, we have prepared a set of bifunctional POSS
with orthogonal reactivity, which can be used as nano-build-
ing-blocks for the controlled assembly of hybrid nanomateri-
als, and a multivalent fluorescent probe for application in
targeted cell-imaging. The inorganic cage of POSS provides
an improved photostability to the covalently attached
dye,**! as well as a convenient framework for the 3D mul-
tivalent display?®! of the pendant epitopes. In addition, the
recently observed gradual disassembly of similar water-solu-
ble octasilsesquioxanes under physiological conditions
and the expected low toxicity of the resulting monomeric or-
ganosilanes suggest that these hybrid multivalent constructs
would be very attractive systems for in vivo applications.
Accordingly, fluorescent bioprobes based on well-defined

www.chemeurj.org
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POSS materials offer interesting advantages over more con-
ventional, fully organic analogues and ill-defined hybrid
nanoparticles and promise to become powerful tools for dis-
secting cellular interactions at the molecular level and for
biomedical applications. We foresee that the described syn-
thetic methodology can be easily transferred to similar
“click”-type functionalization reactions, such as the highly
efficient radical-mediated thiol-ene/yne reaction,™*! widely
expanding the potential applications of this strategy in
POSS chemistry.
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Controlled Click-Assembly of Well-

Defined Hetero-Bifunctional Cubic
Silsesquioxanes and Their Application
in Targeted Bioimaging
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Play the click dice game: The selectiv-
ity of the functionalization reaction of
a symmetric polyfunctional substrate is
statistically related to the stoichiome-
try of the reactants. For the copper(I)-
catalyzed azide—alkyne cycloaddition
monofunctionalization of the cubic
octaazide shown, this statistical rela-
tionship holds only if a copper catalyst
with strong donor ligands is employed
for the click reaction, allowing the
preparation of well-defined hetero-
bifunctional hybrid nanoclusters.
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