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A sytematic investigation...

... of the molecular inclusion behavior by p-cyclodextrin (gold) towards
constitutionally different yet structurally similar bipyridine guests, dem-
onstrates that differences of the nitrogen atom positions and the bridge
bond linking the two pyridine rings of the bipyridine guests can signifi-
cantly affect the binding abilities, inclusion geometries, and self-assembly
behavior of B-cyclodextrin in both the solution and solid states. J. F. Stod-
dart and co-workers suggest that these new superstructural and quantita-
tive observations, with judicious constitutional design, allow highly
ordered supramolecular arrays to be achieved conveniently in a control-
lable way. For more information, see their Full Paper on page 446 ff.

Supramolecular Systems

Certain pH-responsive supramolecular systems can be switched, on demand, by a
variety of acids and bases. Recent examples demonstrate the ability of acid-base
changes to facilitate the control of molecular and polymeric structural conformations
(motion, movement) as well as the flow regulation in nanovalves, including an
increasing number of fascinating supramolecular systems that have been designed
and synthesized for use in molecular electronics, sensors, and drug delivery
applications. To read more, turn to the Focus Review by K. C.-F. Leung et al. on
page 364 ff.

Charge Transfer

Three imidazole-annulated tetrathiafulvalene (TTF) derivatives have been prepared
and fully characterized. S.-X. Liu et al. discuss the influence of the TTF unit on the
pK, values of the acceptor units as determined by photometric titration. The novel
feature of these D-A molecules is that they contain 2-(2-pyridyl)benzimidazole (PB)
ancillary functionality, which facilitates direct annulation of PB to the TFF core and
offers excellent chelating ability for complexation of a wide range of transition
metals to the donor system. This gives rise to diverse structural chemistry and
appealing photophysics. Turn to their Full Paper on page 392 ff. to find out more.
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Abstract: In recent years, ruthenium-catalyzed metathesis
and palladium-catalyzed Suzuki-Miyaura cross-coupling
reactions have proven to be the most efficient tools for
carbon—carbon bond formation in synthetic organic
chemistry. This is mainly because of the stability and re-
markable functional-group tolerance of these catalysts.
Therefore, the strategic consideration of these two power-
ful reactions can eventually minimize the synthetic steps
for the construction of complex target molecules. In this

N

perspective we summarize the efforts of many research
groups who have used the combination of these two pow-
erful reactions (either together in concert or separated by
a few multistep sequences) for the synthesis of supra-
molecular ligands, polyaromatic compounds, and complex
natural products.

Keywords: cross-coupling - cross-metathesis - natural
products - ring-closing metathesis
v

1. Introduction

Recently, ruthenium-based metathesis and Pd-catalyzed
cross-coupling reactions have made a profound impact on
carbon—carbon bond-formation processes. More specifically,
with the advent of the commercially available and well-de-
fined metal carbene complexes 1, 2, and 3! (Figure 1), the

Mes-Ny_~N-Mes

I\
PCys Mes-Ny_~N-Mes CI”'];/U,
o | Phcn I ph 4 (i
. ci
/Il?u:< /F’<u=<
H H —{
Cl PCys Cl PCys
1 2 3

Figure 1. Ruthenium-based olefin-metathesis catalysts.

metathesis strategy has received a renewed interest and has
been quickly accepted in the main stream of organic synthe-
sis.”) These catalysts function under mild reaction conditions
and they exhibit a wide range of functional-group tolerance.
These advances have opened up a completely new set of
possibilities in organic synthesis. Among various modes of
olefin metathesis, the intramolecular version, ring-closing
metathesis (RCM), has become more popular than the inter-
molecular form, cross-metathesis (CM).

Similarly, among various Pd-catalyzed cross-coupling reac-
tions, the Suzuki-Miyaura (SM) cross-coupling reaction is

[a] Prof. Dr. S. Kotha, Dr. K. Mandal
Department of Chemistry
Indian Institute of Technology-Bombay
Powai, Mumbai-400 076 (India)
Fax: (+91)22-2572-3480
E-mail: srk@chem.iitb.ac.in
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considered one of the most efficient methods for
C—C bond formation.”) The preference for the SM cross-
coupling reaction over the other Pd-catalyzed cross-coupling
reactions is not incidental. The key advantages of the SM
cross-coupling reaction are the mild reaction conditions and
the commercial availability of the diverse boronic acids that
are environmentally safer than other organometallic re-
agents. Furthermore, handling and removal of boron-con-
taining by-products is easy when compared with the other
organometallic reagents, especially in a large-scale synthesis.
Therefore, a unique combination of these two powerful
strategies for C—C bond-formation processes should open
up new and “green” synthetic routes to various complex tar-
gets.

A recent perusal of the literature indicated that a strategic
consideration of these two well-established methodologies
have made a profound impact in the design and synthesis of
complex polyaromatic compounds and natural products. The
details of this synergistic combination are covered in the fol-
lowing sections.

2. Synthesis of Supramolecular Hosts

Perhaps one of the most efficient routes to biaryls is the SM
cross-coupling reaction. Therefore, after the formation of
biaryls by SM cross-coupling reaction, judicious placement
of olefinic handles on aryl group followed by RCM can
eventually lead to macrocycles of desired topology, which in
principle can act as supramolecular receptors.

In connection with the design of concave supramolecular
ligands, Liining and Fahrenkrug successfully used a combi-
nation of the SM cross-coupling and RCM to synthesize
concave-shaped 1,10-phenanthroline ligands, suitable for
complexation with transition-metal ions which also act as

www.chemasianj.org 355
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highly selective catalysts. In a three-step sequence, two
aryl bridges were introduced at the 2- and 9-positions of the
1,10-phenanthroline through the SM cross-coupling of bis-
ortho-substituted boronic acids (Scheme 1). The successive

B(OH), [Pd(PPhs),]
RO OR Ba(OH),

+ R

R = (CH,);CH=CH,
6 X = (CH,);CH=CH(CHy);
7

Scheme 1. Synthesis of concave 1,10-phenanthroline ligands.

RCM of the resulting diaryl 1,10-phenanthrolines, substitut-
ed with an alkene moiety, delivered (bi)macrocyclic 1,10-
phenanthrolines (e.g., 7) in good yields (73-96%). The au-
thors speculated that the high selectivity stems from the
concave shape of the ligand.
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In 2004, Camacho et al. reported an efficient use of the
atom-economical Pd-catalyzed SM cross-coupling and tem-
plate-mediated RCM for the synthesis of m-terphenyl-based
cyclophane derivatives by using second-generation Grubbs
catalyst 2 (Scheme 2)."! The utilization of the cis-a-diimine
as an organic labile template was crucial for the success of
the RCM. Surprisingly, prolonged hydrogenation detached
the template to deliver the cyclophane derivative 13.

A\
. e
R NH, () 12 mol% [Pd(PPh),] 0 . "

2 M Na,CO; dioxane
EtOH, reflux

0] 0

p-TSA
o 22—
benzene

\

/

10a R = Me (64% two steps}
10b R = H (45% two steps)

50°C
R iy 1y, PAIC (10%) Q

(-
DCM-MeOH RT

NgZ

13a R = Me (78%)
13b R = H (87%)

(ii) PhsPMeBr, KOfBu

B(OH), THF, -78 °C to RT

D)

(i) 2, DCM (0.002 m)

12a R = Me (80%)
12b R = H (63%)

Scheme 2. Synthesis of m-terphenyl-based cyclophane derivatives by tem-
plate-mediated RCM.

Albrecht et al. also adopted this approach and synthesized
a 56-membered macrocycle using terephthalic di-aldehyde
as an organic template in good overall yield (Scheme 3).1
Use of second-generation Grubbs catalyst 2 was found to be
superior to the first-generation Grubbs catalyst 1. The au-
thors also observed a drastic decrease of macrocyclization
yield (21%) when the metathesis was performed without
template assistance. The authors suggested, therefore, that
the template-assisted RCM is superior to the nontemplated
protocol owing to the avoidance of undesired oligomeric
and polymeric side products.

We also demonstrated a simple and useful strategy for the
synthesis of novel cyclophane derivatives through an inte-
grated approach based on the SM cross-coupling reaction
and RCM as shown in Scheme 4.*"! The aromatic rings
were assembled by means of a relatively little explored sp>~
sp> SM cross-coupling reaction.’*™ Different cyclophane de-
rivatives of varying cavity size were prepared by modulating
the length of the alkyl chain of the alkylating agents. The
key macrocyclization was accomplished by RCM of the cor-
responding diolefinic precursors in the presence of second-
generation Grubbs catalyst 2 under high-dilution conditions

Chem. Asian J. 2009, 4, 354-362
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Scheme 3. Synthesis of 56-membered macrocycle through the combination of SM cross-coupling and organic-

template-assisted RCM.

Br  B(OH) O CHO Br
[PA(PPhs)q] O A
. L
NayCOj3 (2 M) Grignard
THF reflux, 12 h addition
20 9

80%

21

2 (10 mol%) O
DCM (0.001 m)

RT, 18 h

OH

an
W
OH

23a (n=1;47%)
3b (n = 2; 47%)

22a (n=1; 85%)
22b (n=2;71%)

Scheme 4. Synthesis of cyclophane derivatives by SM cross-coupling reac-
tion and RCM.

to minimize the oligomerized side-product formation. The
unsymmetrical cyclophane 25 was obtained as a minor prod-
uct along with the desired product 23b from 22b through
the intermediacy of 24 by a tandem isomerization and sub-
sequent RCM sequence (Figure 2).

O O
OH
W Q )
O O
2 \ pr

Figure 2. Unsymmetrical cyclophane derivative (25) and its precursor in-
termediate (24).
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3. Construction of
Aromatic Rings

One of the classic synthetic
strategies used for the con-
struction of aromatic rings is
the utilization of RCM in com-
bination with SM cross-cou-
pling reaction. We rationally
designed a new and general
O approach for attaching a ben-

Terephthalic dialdehyde (17)

TiCly, EtzN, 63%

zene ring on a pre-existing aro-

matic system through a se-

O quential combination of allyl-
0 boronate-mediated SM cross-
coupling reaction and RCM
(Scheme 5).%1 We found that
the substrates containing elec-
tron-withdrawing groups are
better partners for the SM
cross-coupling of aromatic hal-
ides with allyl boronate.™ Fol-
lowing this precedence, diiodo-
benzene or diiodonaphthalene
derivatives containing elec-
tron-withdrawing substituents
were chosen for diallylation.

o\B/\/
o 27
MeO,C I MeO,C =
[EEE—
\©i| CsF, [Pd(PPh;),] \©i\/\i

o8

26 THF, reflux, 95% 28
(i1, DCM MeOZC
(i) DDQ / benzene
reflux, 86% 29

Scheme 5. A new method of arene formation by SM cross-coupling and
RCM.

RCM of these ortho-diallyl derivatives in the presence of
first-generation Grubbs catalyst 1 followed by a one-pot
DDAQ oxidation sequence delivered benzo-annulated deriva-
tives in good yields. The advantage of this methodology is
that the benzene ring can be appended in both a linear as
well as angular fashion depending on the position of the
diiodo groups.

Smith and co-workers independently developed a similar
strategy for the synthesis of extended m-conjugated porphy-
rin macrocycles involving a combination of allylboronate-
mediated SM  cross-coupling reaction and RCM
(Scheme 6).”1 Thus, introduction of allyl groups at the -po-
sition of a porphyrin macrocycle by SM cross-coupling for
halogen-substituted porphyrin 30 with allylboronate 27 and
subsequent RCM and oxidation with DDQ gave the corre-
sponding benzoporphyrin 33 in good overall yield
(Scheme 6). RCM was carried out at high dilution in di-
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Br Ph = Ph
Br
27
Ph [ —— Ph h
h K,COs, toluene P
0 o
NO, 100 °C, 83% NO,
Ph Ph
30 31
‘ Ph O Ph
2 DDQ, toluene
Ph Ph Ph Ph
DCM A, 93% (two steps)
(high dilution) NO, NO,
Ph Ph
32 33

Scheme 6. Synthesis of benzoporphyrins by sequential SM cross-coupling
and RCM.

chloromethane to avoid undesired cross-metathesis product
formation.

Differently functionalized biphenyls are readily accessible
by aryl-aryl SM cross-coupling. In view of successful realiza-
tion of the SM cross-coupling reaction in combination with
RCM, Iuliano et al. demonstrated the synthesis of different-
ly functionalized phenanthrene derivatives (Scheme 7).l
The desired biphenyl unit 36 was prepared by the SM cross-

B(OH),
cHo [PA(PPha)) THE cHO
K,CO; H;0, 24 h
OCH,

reflux
OCH3

four steps l & 2, CHZCI2

O X 40°C, 24 h, 100%
H,CO H,CO
38

Scheme 7. Synthesis of differently functionalized phenanthrene deriva-
tives.

coupling of 3-methoxyphenylboronic acid and 2-iodobenzal-
dehyde. The two vinyl groups were introduced in a four-step
sequence starting with the biphenyl derivative 36. RCM of
the corresponding divinylbiphenyl derivative 37 in the pres-
ence of second-generation Grubbs catalyst 2 gave the func-
tionalized phenanthrene derivative 38 in quantitative yield.

Barrett and co-workers reported a useful approach for the
synthesis of the phenanthrene core by adopting the SM
cross-coupling and RCM protocols (Scheme 8).'" They
found that various orthosubstituted triflates could be cou-
pled with boronic acid 39 using [Pd(PPh;),] as catalyst to de-
liver the required biphenyl derivatives in good yields. Sur-
prisingly, attempts to couple these triflates using Pd(OAc),
and PCy; were unsuccessful. When the RCM was attempted
with catalyst 2 at room temperature, poor conversion was
observed. However, RCM in dichloromethane at reflux tem-
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R tBuOK R 4
CLB(/OH)Z OTf [Pd{PPh3),] O O
+
# 0 DME, H,0, A
39 40 17 h 41 —
R = Me (69%), NO, (20%),
CO,Me (54%), OMe (55%)
2 (10 mol%)
18 h, (~95%)

R 42

Scheme 8. Phenanthrene derivatives by SM cross-coupling of aryl triflates
and RCM.

perature furnished the desired phenanthrene derivatives 42
(>95% yield).

4. Synthesis of Benzazepine Derivatives

Benzazepine is an important structural element present in
various biologically active molecules. In our own ongoing ef-
forts towards the synthesis of 1-benzazepine derivatives we
successfully utilized the strategic combination of SM cross-
coupling and RCM for the construction of benzo-fused N-
heterocyclic units (Scheme 9).1 0-Allyl acetanilide deriva-
tives were prepared from the corresponding o-iodo acetani-

27, CsF Allyl bromide
NHAC [Pd(PPhy),] NHAc  (Bu),NI
/@/\
R | THR refluc g X KOH, THF
43 (64-93%) 44 (61-90%)
Ac (|)2 DCM, RT
R X (||) EtOAc
45 H,, Pd/C

(72-95%)

Scheme 9. Substituted benzazepines by SM cross-coupling of aryl iodides
and RCM.

lides through an allylboronate SM cross-coupling reaction.
o-Allyl acetanilides, upon N-allylation under phase-transfer
catalysis conditions, provided diallyl derivatives as suitable
precursors for RCM. These diallyl derivatives upon treat-
ment with second-generation Grubbs catalyst 2 furnished
the 1-benzazepine derivatives in moderate to good yields.
However, the RCM product containing the electron-with-
drawing substituent at the 7-position was found to be highly
unstable, and hence immediately after purification (at some
instances in a one-pot reaction) Pd/C-catalyzed hydrogena-
tion was performed to deliver the stable saturated derivative
46 in good yield.

5. Application in Natural Product Synthesis

SM cross-coupling and metathesis reactions are often used
as key steps in the total synthesis of many complex natural

Chem. Asian J. 2009, 4, 354-362
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products. In some cases both reactions work together in con-
cert, or they are separated by a few multistep sequences.
Castle and co-workers reported the total synthesis of the
alkaloid (+)-hasubanonine by using a strategic combination
of SM cross-coupling and RCM reactions as shown in
Scheme 10."¥1 The key phenanthrene intermediate 51 was

MeO
Pd(dppf),Cl O o
[Pd(dppf),Cl,] MeO P

l |o MeO
+ 0 >
BhO oMe  MeO DMSO, 80 °C O o
.B. 79%
OMe o o BnO OMe
49
48
MeO MeO
. @
PhsPCHBr  MeO 2,CH,Cl,  MeO ‘
nBuLi, THE X 40°C, 99%
93%
BnO OMe BnO OMe
OMe OMe
50 51

six steps
-

OMe

(#)-Hasubanonine
52

Scheme 10. Total synthesis of (+)-hasubanonine.

assembled through a combination of SM cross-coupling,
Wittig olefination, and RCM reaction. SM coupling of 47
with 48 furnished a highly hindered biaryl system 49, which
upon Wittig olefination gave the divinyl derivative 50. Sub-
sequent RCM of 50 in the presence of second-generation
Grubbs catalyst 2 delivered highly functionalized phenan-
threne intermediate 51 in good yield. The synthesis of the
target natural product 52 was achieved in a six-step se-
quence starting with phenanthrene derivative 51. The novel-
ty of this approach is that several other functionalized hasu-
banone alkaloids can be accomplished by simply choosing
the suitable starting reaction partners.

Eycken and co-workers demonstrated the synthesis of N-
shifted buflavine analogues (58) using a SM cross-coupling
and RCM protocol (Scheme 11). The key feature of this
approach is the utilization of microwave irradiation (MWI)
for realization of the SM cross-coupling as well as RCM
steps. Generally, electron-rich substituents tend to react in a
sluggish manner during oxidative addition of the Pd catalyst
to the C—Br bond. However, application of MWI was found
to accelerate the SM cross-coupling reaction of highly elec-
tron-rich substrates such as 54 and also enhanced the effica-
cy of the RCM reaction to generate otherwise inaccessible
biaryl-based, eight-membered N-heterocyclic ring systems.

Fiirstner and co-workers described the first total synthesis
of the tripyrrole pigment nonylprodigiosin (59) where Pd-
catalyzed SM cross-coupling and RCM worked together in

Chem. Asian J. 2009, 4, 354-362
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MeO
MeO O
N,Me
53
Buflavine
(i) NaHCO3, [Pd(PPh3),]
OMe B(OH), DMF/H,0 (1:1), MW
MeO H% 150 W, 150 °C, 15 min, 93%
+
& o (iiy NaH, allyl bromide
THF, reflux, 6 h, 96%
Br 55
54

OMe MeO
MeO
O ///: 2, MWI, 150 W

MeO O
N
: I\I)‘é 150 °C, 5 min, 69% O N
56 o 57 O)\é

MeO

MeO O
i~

Scheme 11. Synthesis of N-shifted buflavine analogue 58.

10% Pd/C
H, (30 atm)

MeOH, 8 h, 94%

concert (Scheme 12).%% The RCM precursor was prepared
by the SM cross-coupling of electron-rich triflate 61 with the
unstable boronic acid derivative 60. Here, owing to its labile
nature, boronic acid 60 was used immediately in the next
step. In spite of considerable experimentation only 57 %
yield of the desired cross-coupling product was obtained. To

coupling \-—=
59
Nonylprodigiosin

/\/\/@\
= N~ TB(OH);

)
Boc
60 [Pd(PPhs),], aq Na;COs5

LiCl, DME, 85°C, 57%

PCys

CH,Cly, reflux
16 h, 65%

62-HCI

Scheme 12. Total synthesis of the tripyrrole pigment nonylprodigiosin.
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prevent the unwanted chelation of ruthenium with free
amine groups, the RCM step was conducted with the hydro-
chloride salt of the substrate 62. RCM reaction in the pres-
ence of second-generation Grubbs catalyst 2 furnished a
moderate yield of the desired macrocycle 64. However, an
improved yield of the desired metathesis product was ob-
served by using the modified ruthenium catalyst 63."*"!
Reddy and Falck realized a conceptually novel approach
to a potent protein phosphatase inhibitor and anticancer
agent, fostriecin (CI 920, 65) through RCM and SM cross-
coupling as key steps (Scheme 13).*! The sensitive six-mem-

RCM

2 NaHOsPO  OH

SM coupling
Fostriecin (CI-920)

(i) 2, CHoClp, 23°C, 12 h Z HO  OBPS
Br —m8M8M8Mm = o
(i) Montmorillonite K 10 07 "0
CH,Cl, 23°C, 10 h 6
65% (two steps)
“
_B. | 0BPS
oo
M 68 = HO  0BPS
- o~ P OBPS —=» 65
[PA(PPh)a], Ag,0 0”0
THF, 65 °C, 8 h, 74% OH

69

Scheme 13. A novel approach to fostriecin (CI 920).

bered unsaturated lactone part in the C(1)—C(13) segment
of the fostriecin skeleton was accomplished by RCM se-
quence and the remaining C(14)—C(18) unit of the carbon
framework was appended by efficient SM cross-coupling of
67 and 68.

The first total synthesis of nakadomarin A (70) was re-
ported by Nishida and co-workers through SM cross-cou-
pling and sequential RCM as key steps (Scheme 14).'7)
Steric problems encountered owing to the presence of the
hindered N-benzyl group in the spiro compound 71 necessi-
tated the use of strong basic conditions for the SM cross-
coupling with furan-3-boronic ester 72 using [PdCl,(dppf)]
as a catalyst. At a later stage, both eight- and 15-membered
azacycles were obtained by sequential application of RCM
protocols. RCM in the presence of second-generation
Grubbs catalyst 2 furnished the desired eight-membered
azocine lactum 75 in 70 % yield. Surprisingly, the 15-mem-
bered heterocyclic compound 77 was easily realized by using
first-generation Grubbs catalyst 1 to deliver a mixture of
geometrical isomers (ca. 2:3 Z/E).

Sasaki et al. successfully used the B-alkyl SM cross-cou-
pling and RCM as key synthetic steps for the construction
of the ABCD ring fragment of ciguatoxin (Scheme 15).15
The convergent union of the B and D ring was achieved by
Pd-catalyzed B-alkyl SM cross-coupling of lactone-derived
enol triflates or phosphates. SM cross-coupling of alkylbor-
ane 79 with triflate 80 in the presence of [Pd,(dba);]-CHCl,
and triphenyl arsine at room temperature gave the desired

360
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70
Nakadomarin A

EtO,C

= o) [PdCly(dppf)], K3PO4
-y —

3 h, 80 °C, 95%

H%
73 “CH,OTHP

H AcO

2 (20 mol%), CH,Cl, (2mm) 5 steps

50°C, 1.5 h, 70% ‘

1 (15 mol%), CH,Cl, (0.5 mm)

50 °C, 24 h, 26%

Scheme 14. Total synthesis of nakadomarin A (70). Bs=—SO,Ph.

B-alkyl Suzuki coupling

3 Mag. Cs,CO3
[Pdy(dba)]-CHCly
Phs;As, DMF, RT, 91%

(OPh),PO™ o
82

[Pd(PPh3),], NaHCO;,
DMF, 50 °C, 98%

H H +—0Bn
9steps X O O~
83 — ~ OBn
"0 . H OH
OBn
84

Scheme 15. Application of B-alkyl SM cross-coupling and RCM for the
construction of ABCD ring fragment of a ciguatoxin congener (CTX3C).

MOMO

1, CH,Cl,

J—

RT, quant.
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product 81 in excellent yield, which upon ring expansion led
to a seven-membered ketone. To reduce the synthetic steps
the authors also investigated an alternative and more direct
approach that used SM cross-coupling of seven-membered
enol triflates. However, owing to the unstable nature of the
seven-membered enol triflate in aqueous basic conditions,
no product formation was observed. Since enol phosphates
were found to be more stable and easier to handle than enol
triflates, B-alkyl SM cross-coupling of lactone-derived enol
phosphates was explored.'®] After considerable experimen-
tation it was found that use of two equivalents of enol phos-
phate in the presence of [Pd(PPh;),] using NaHCO; as base
delivered the best results. With these optimized conditions,
enol phosphate 82 gave the desired cross-coupling product
83 in 98% yield. Finally, the A ring was constructed by
RCM of the diene 84 in the presence of Grubbs catalyst 1
to furnish the desired ABCD ring fragment of ciguatoxin.

In addition to RCM, the CM strategy has also been em-
ployed in combination with SM cross-coupling for the syn-
thesis of complex natural products. CM with vinylboronate
followed by intramolecular SM cross-coupling was first uti-
lized for the construction of the 20-membered macrocycle of
the polyketide natural product apoptolidinone 86
(Scheme 16).) CM of 87 with second-generation Grubbs
catalyst 2 with an excess amount of isopropenyl pinacol bor-
onic ester furnished the vinyl boronate 88 as a single isomer
in moderate yield. The final ring closure of the macrolac-

Cross-metathesis

Me [ Me
RO A~ 2 JSJJJ— SM coupling

86 61
Apoptolidinone

2
Isoprenyl pinacol
boronic ester
(18 equiv)

CH,Cly, reflux
6h, 30%

OMe

TESO OTES

[Pd(PPhs)4], TI(OE)

Me
THF/H,0 (3:1), 28 °C
30 min, 60%

Me' Y
TESO

Scheme 16. Application of CM followed by intramolecular SM cross-coupling for the construction of the 20-

membered macrocycle of apoptolidinone.
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tone 89 was achieved by a successive intramolecular SM
cross-coupling reaction.

Along similar lines, Grubbs and co-workers disclosed an
intriguing stereoselective one-pot cross-metathesis/SM cross-
coupling strategy to deliver highly conjugated styrene deriv-
atives (Scheme 17).%” The authors reported that the yields
were comparable with the analogous two-step procedure.

(i) 2 (5 mol%), benzene
40° C, 2h
c’)>év + W PN
By 91 (ii) [Pd(PPh3)4] (3 mol%)
|r bromobenzene

20
NaOEt in EtOH 92 (45%, two steps)
benzene, 80 °C

Scheme 17. Application of one-pot cross-metathesis/SM cross-coupling
approach to conjugated styrenes.

CM and sp*-sp® SM cross-coupling reactions separated by

a few multistep sequences were used by Marshall et al. as
key steps in a promising synthetic approach to amphidino-
lide E (93), a polyketide containing an unusual 19-mem-
bered macrocyclic lactone embodying a tetrahydrofuran
moiety (Scheme 18).!1 The required precursor for the con-
struction of the tetrahydrofuran moiety was prepared
through CM of alcohol 94 with ethyl acrylate in the pres-
ence of Hoveyda catalyst 3. After a few synthetic manipula-
tions based on previous findings, the authors successfully
utilized the sp’-sp® SM cross-

coupling reaction for the con-

struction of the C(6)—C(21)

segment of the molecule.

In situ generated 9-BBN deriv-

ative 97 was coupled with vinyl

iodide 98 in the presence of

[Pd(dppf)Cl,] to afford 99 in

good yield.
Conclusions
Various examples described

here clearly indicate that the

SM cross-coupling in combina-

tion with the RCM or CM

strategy has a synergetic value
OMe in accomplishing the total syn-
thesis of complex targets.””
Since achieving the total syn-
thesis in a minimum number of
steps is part of green synthesis,
one may conceive various
other such combinations for
designing efficient synthetic
routes. We anticipate that
many more such new advances
with new combinations in the
near future will eventually en-

TESO  OTES

OMe
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cross-metathesis
1
SM Coupling ==, ’\E@AR
10 2 07 = 26
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R0, 8 x
M

e Me
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Me
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Scheme 18. Utilization of CM and sp’-sp® SM cross-coupling reactions
for the synthesis of amphidinolide E. PMB = p-methoxybenzyl.

hance the synthetic efficiency toward target compounds and
thereby provide “green routes” to organic synthesis.
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Abstract: This Focus Review surveys representative ex-
amples of pH-controllable supramolecular systems with
interesting features and state-of-the-art applications such
as 1) conformational changes within individual molecules;
2) folding/unfolding of polymers; 3) simultaneous binding
of cations and anions; 4)logic function; 5) ON-OFF
switchable colorimetric sensing; 6) translocation of macro-
cycle-in-rotaxane molecules; 7) large-scale movement
within molecules; and 8) regulation of the substrate flow
in nanocontainers. In particular, systems will be discussed
that involve: pH-induced conformational changes of a re-
sorcinarene cavitand and a bis(iron porphyrin) complex;
pH control in assembly and disassembly of supramolec-
ular systems stabilized with different major noncovalent

interactions; pH-driven movements of interlocked mole-
cules involving rotaxanes, molecular elevators, and molec-
ular muscles; and, finally, multicomponent supramolecular
systems immobilized on solid supports as pH-responsive
nanovalves for the controlled release of specific sub-
strates. Recent advances in the understanding of pH-con-
trollable supramolecular systems have led to the construc-
tion of meaningful molecular machines for electronic and
biological applications that are amenable to control by
simple perturbation with acids and bases.

Keywords: catenanes - protonation - rotaxanes - self-
assembly - supramolecular chemistry

/

Introduction

Recently, supramolecular chemistry!l has been widely em-
ployed in self-assembling large and complex components for
practical applications both in electronics®” and biological
systems.”) For fabrication processes by self-assembly via
“bottom-up”¥! or “template-directed”"! approaches, the spe-
cific association and dissociation of different components in
these processes are required to be controlled by external
stimuli such as pH, electrical potential, redox agents,[°] and
light.! Among these external stimuli, pH stimulation repre-
sents a convenient method to offer specific control with per-
turbation of protons by readily available acids and bases.
Measurement of pH in solution is simple and acid-base ti-
tration can be quantitative.

In pH-switchable host-guest supramolecular binding, re-
active donor atoms or groups must be present in either the
host or guest, in which these donor groups usually involve
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nitrogen or oxygen atoms commonly existing in amine/am-
monium, pyridine/pyridinium, or phenolate/phenol forms.
Small perturbations of these sensitive donor groups may
have drastic effects on their supramolecular entities bonded
through noncovalent interactions such as metal-ligand inter-
actions,® electrostatic interactions, hydrogen bonding,” aro-
matic m—n interactions,'” hydrophobic effect,'!l and so on.
Because of the bases (e.g. amine, pyridine, or phenolate),
competition with protons may add complexity to the systems
such that the protonated or nonprotonated species exists at
a specific pH value. This may allow pH control of the for-
mation of one species among many others or, alternatively,
to have one species self-assembled upon variation of the pH
value. To control the dissociation or to trigger a motion
(flipping, bending, rotation, or translocation) of a supra-
molecular system by pH change, the simplest way is by
virtue of Coulombic or electrostatic repulsive force between
protonated or deprotonated hosts and guests having the
same electrostatic charges. Association and dissociation con-
stants are defined in Scheme 1, where K, is the associa-

Kassoc [HostD Guest]
Host + Guest HostDGuest ﬁ Kassos = ——————
[Host] [Guest]
Ka _ . A1 [H]
A-H (Acid) A +H = o= BT
R Ko [Host+H*]
Host + H Host-H™T = K = — _
[Host] [H']
Scheme 1.
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tion constant of the binding between a host and a guest, K,
is the proton dissociation constant in an acid, and K, is the
binding constant between a host and a proton.

For potential applications in biological systems, significant
changes in pH value can be observed in many parts of the
human body, for example, the dramatic difference in pH
levels in the stomach and intestine as well as the higher
acidity in tumors (pH=6.8), endosomes (pH=6.0), and ly-
sosomes (pH=~5.0) than in normal tissues."? By proper
design of pH-sensitive regulator systems, construction of
pH-modulated or self-regulated drug delivery devices can
be realized as an improved protocol for disease treatment.!"
Furthermore, for biomolecular motors such as F)F;ATPase
and bacterial flagella motors, their rotary motions can be
switched ON and OFF by successive protonation and depro-
tonation.'! As a consequence, underpinning the fundamen-
tal requirements for pH-responsive supramolecular materi-
als would shed light on how to mimic these biomolecular
motors on applications in both the biological and materials
sciences.

1. Molecular Motion by pH-Induced
Conformational Change

Recently, controlled conformational changes within mole-
cules in response to various external stimuli have gained
much attention with the purpose in designing functional ma-
terials such as molecular actuators.” Conformational
changes within molecules include rotation, bending, and flip-
ping as well as the change of orientation in liquid crystals.
In this context, Diederich et al."! have developed a series of
resorcin[4]arene cavitand-based”! molecular switches that
are responsive to pH changes with flipping motion. Qui-
noxaline-bridged resorcin[4]arene cavitand 1 can be com-
pletely converted (Figure 1) into the vase conformation (C,,

Abstract in Chinese:

EXGRT L BT RERS RN AR RN pHTERE S F4&
% FEARAFGE/LANAFE - (1) 8o FRAEEREL
(2) BEYNHE/ERE: (3) BEFREEFHED4H
#: (4) BEIUME: (5) BEERAR: (6) BEEFTFH
HARRKSE: (7) FABOKRBEESE) : f1 (8) FKE

BYNEYRE - EoHSFEEHAT o HELN
resorcinarene cavitand I bis(iron porphyrin) A &AM B ETH
F - F=FoNEBORIHTIENE Y FHRANERSS
> XEAAFEETIENRY : £BEECARK > BR5(S
S8/ FEERr-BTFESEANRKEAREEE - pHET
FARTHURN TS FHER > BEEENRS REEITIE
HNRpHEZNERSE » o FABENAS FALAEE RPEIE
AR BABIEIEHETSHESBITTFELAEERRE
LR ER - XEpHIg S KE EH T R EN BRI RN
BT o XEFGRNET M BT UG o a8
FFEZNBTHBE TRITEEHNBRES FHERNE
MIBREFEEMABNYN NS F8BE -

K. C.-F. Leung et al.

symmetry, quinoxaline groups pointing upward) at high pH
value with tertiary amine bases or potassium carbonate and,
conversely, the kite conformation (C,, symmetry, quinoxa-
line groups pointing outward) at low pH value with tri-
fluoroacetic acid (TFA). The vase—kite interconversion is
quantitative at room temperature, monitored by the charac-
teristic changes using UV/Vis and 'H NMR (CD,Cl,, meth-
ane proton on the resorcin[4]arene, 0~ 5.5 ppm for vase and
0~3.7 ppm for kite) spectroscopies.'*'! The driving force
for the vase-kite intercoversion in the quinoxaline-bridged
resorcin[4]arene cavitand at low pH value is attributed to
the protonation of the mildly basic quinoxaline nitrogen
atoms, resulting in the Coulombic repulsion of the quinoxa-
line arms to afford the kite conformation.

The syn—anti conformational change in bis(iron(III) por-
phyrin)s has been evaluated recently® upon acid-base-con-
trolled switching. The facile switching from anti to syn re-
quires an oxygen atom to bridge between the two porphyr-
ins possessing a p-oxo Fe—O—Fe moiety in the presence of
aqueous sodium hydroxide (Figure2). Conversely, the
switching from syn p-oxo bis(iron(III) porphyrin) 2 to the
anti form 3 can be achieved by the addition of excess aque-
ous hydrochloric acid to regenerate the Fe—Cl moieties. The
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— Q Q — Quinoxaline

— Resorcin[4]arene

\( R ]7 Substituent

1 [1-8H]®
Vase (Cy,) Kite (Cy,)

Figure 1. Molecular structure and models (gray: C; blue: N; red: O; dark
gray: substituent R; all hydrogen atoms are omitted for clarity)?®! of the
quinoxaline-bridged resorcin[4]arene cavitand (1) for which the complete
vase—kite interconversion (flipping) can be activated by acid and base.

3 (anti)

2 (syn u-oxo)

Figure 2. The acid (HCl)-base (NaOH)-controllable, syn—anti switching of
a bis(iron(III) porphyrin).

molecular weights of both syn and anti bis(iron(I1I) porphyr-
in)s can be characterized successfully by electrospray ioniza-
tion-mass spectrometry thanks to their difference in molecu-
lar weights. Moreover, UV/Vis spectroscopy is proven to be
remarkably useful to characterize the significant changes
before and after the conformational switching. The maxi-
mum of the Soret band at 407 nm in the anti form is red-
shifted to 417 nm after the addition of base, leading to a
conclusion for the formation of the syn form with a charac-
teristic p-oxo Fe—O—Fe moiety. Furthermore, in order to
demonstrate the importance of the reversibility, the acid-
base-controllable syn—anti switching of the bis(iron(IIT) por-
phyrin) is repeated for three times, showing that there is
almost no loss in the absorbance signal, thus rendering this
type of compound an inert, robust, and reversible pH-re-
sponsive molecular switch.

Chem. Asian J. 2009, 4, 364 -381
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2. Self-Assembly and Disassembly Controlled by
pH

In the previous section we described some selected exam-
ples of the pH-controllable conformational switchings (flip-
ping and syn—anti switching) within individual molecules; in
this section we will discuss several complex molecular or
polymeric supramolecular systems for which the assembly
and disassembly of the systems can be controlled by pH
changes. Supramolecular systems are classified into five cat-
egories according to their major supramolecular interactions
present in the complexes, and these include metal-ligand in-
teraction, electrostatic interaction, hydrogen bonding, aro-
matic —m interaction, and hydrophobic effect.

2.1. Metal-Ligand Interaction

Transition metals have been used conveniently to self-as-
semble supramolecular systems because of their ability to
gather and coordinate organic electron-rich ligands in a geo-
metrically precise fashion.*!! Metal-ligand interaction can
be classified as a particular kind of ion-dipole interaction.
Recently, Lehn and Barboiu® have reported a lead(IT) pH-
driven supramolecular system which possesses controllable
and reversible extension (uncoiled linear chain)/contraction (
coiled helix) molecular motion. The system features a pyri-
dine—pyrimidine compound 4 with multiple N donor atoms
and the macrobicyclic [2.2.2]cryptand 5 encapsulated
lead(II) cations [PbC5)** in one pot (Figure 3). The metal-
free pyridine—pyrimidine compound 4 exists in a helical
form with transoidal structure between each pyridine and
pyrimidine group. To begin with, acidification of the mixture
using 10 equivalents of triflic acid (CF;SO;H) results in the
protonation of the macrobicyclic [2.2.2]cryptand 5§ to give
[5-2H]**, which in turn displaces out the as-encapsulated
Pb’* cation by Coulombic repulsion. Subsequently, the dis-
placed Pb** cations can be complexed to compound 4, lead-
ing to the transformation of the coiled, helical compound 4
into the corresponding uncoiled linear complex [4-5Pb]'**
with a cisoidal structure between each pyridine-pyrimidine-
Pb** moiety. This coiling (helix)/uncoiling (linear chain) pro-
cess can be reversed by the addition of 10 equivalents of
triethylamine  base. = Therefore, the macrobicyclic
[2.2.2]cryptand 5 can be deprotonated and regains its higher
competitive binding affinity™' towards the Pb** cation, lead-
ing to the demetalation of the uncoiled linear complex
[45Pb]'* to afford once again the original metal-free,
coiled helix 4. The linearity of the compound [4-5Pb]"’* is
characterized by '"H NMR spectroscopy with indication of
high symmetry, which can be further confirmed by ROESY
and the distinct NOE effect. The pH-driven switching be-
tween compounds 4 and [4-5Pb]'°* is quantitative, con-
firmed by 'HNMR spectroscopy (in 2:1 CDCl/CD;CN),
with the disappearance/appearance of the signals of terminal
pyridine protons (6~6.7 and 7.1 ppm) in 4 as well as the ap-
pearance/disappearance of signals of the Pb**-complexed
pyrimidine proton signals (6~10.3 and 10.4 ppm) in
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Y

[Pbc 5]+

4 (Conftracted, coiled helix)

Base Acid

Figure 3. The pH-driven uncoiling of a contracted helix 4 to an extended linear complex [4-5Pb]"** by competi-

tive binding of Pb’* cations with macrobicyclic [2.2.2]cryptands 5.

[4:5Pb]'°*. Additional NMR evidence is provided by observ-
ing the shift of the aliphatic proton signal between the Pb**-
complexed and the noncomplexed macrobicyclic
[2.2.2]cryptand 5.

With controllable geometry between transition-metal ions
and nitrogen-containing ligands, directed self-assembly of
polydentate ligands with metal cations is feasible to produce
exotic structures such as boxes,” squares,® racks” and
grids.”) Other pH-driven, supramolecular assembly—disas-
sembly of metal cations and ligand hosts can be the proto-
type of specific metal ion sensors.?*?

2.2. Electrostatic Interaction

Electrostatic interaction involves the Coulombic attraction
between charged (ions) or partially charged (dipoles) com-
ponents and can be subdivided into three classes: ion-ion,
ion—dipole, and dipole—dipole interactions. By far the sim-
plest way to control the binding of different cations and
anions is the interconversion of the N-containing, large mac-
robicyclic macrocycle 6 (Figure 4) by manipulating the
pH.P! Tnitially, macrocycle 6 is suitable to bind cations such
as ammonium or transition-metal cations, owing to the stabi-
lization of the positive charge(s) of cations by electron-rich
donor atoms (N and O). Lowering the pH value of 6 in solu-
tion results in the protonation of the bridgehead nitrogen
atoms such that the protonated macrocycle [6-4H]** be-
comes a receptor for anions (e.g. C17),! thereby stabilized
by the ion-ion interactions and hydrogen bonds with the N*
—H moieties. Complete reversible switching from the anion
receptor [6-4H]*" to the cation receptor 6 is feasible upon

368 www.chemasianj.org
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base addition. Noticeably, the
binding affinity between the
macrocycle and the ions re-
quires mixing and matching in
terms of the cavity volume,
chain flexibility, and number of
donor atoms of the macrocycle
as well as the ionic radius of
the ion. Therefore, the pH-con-
trollable selectivity of a specific
cation or anion towards a mac-
rocyclic receptor can be fine-
tuned by a proper structural
design of the macrocycle.

This strategy has been em-
ployed (Figure 5) to construct a
multifunctional receptor—tripo-
dal amine-capped benzo crown
p-tert-butylcalix[4]arene 72—
suitable for the transition-metal
cation binding, and with its pro-
tonated form [7-4H]** (for si-
multaneous cation and anion
binding).” For compound 7, it

o] o] K\+/\l
LD = (o ,‘Né
o o J o
Lot d LA
6 [6+4H)*

receptor
Donor atoms: N, O

Anion receptor
Acceptor atoms: N*, N*-H

Figure 4. The interconversion of a cation receptor to an anion receptor in
macrocycle 6 by acid and base.

is suitable to bind strongly to several first-row divalent tran-
sition-metal ions such as Co’*, Ni**, Cu’**, and Zn**, com-
plementary to the receptor cavity volume with binding con-
stants (logh, 10 mm in MeOH, 298 K) 7.5, 7.0, 17.8, and
10.0, respectively. For [7-4H]**, on the contrary, different
types of anions such as spherical (F-, Br~, I"), trigonal-
planar (CO;*"), angular-planar (AsO,”), and tetrahedral
(H,PO,~, HPO,*~, SO,*, PO,*") anions were tested for their
binding affinities (with Na* or K* as the countercation).
However, only Br—, I, and NO;™ are screened out, without
any precipitation or deprotonation when the anions are
mixed with [7-4H]**. The binding of these three anions to-
wards [7-4H]** is observed by the upfield shift of the ammo-
nium signal RCH,N*H,CH,R at 0~9.4 to 9.8 ppm as well
as slight peak shifts at the aromatic region at d=7.0-
8.0 ppm from the 'H NMR spectra (in CDCly/CD;OD). This
observation indicates that the anion-encapsulated [7-4H]'"
is stabilized predominantly by the electrostatic interaction
rather than hydrogen bonding. Moreover, a Job plot reveals

Chem. Asian J. 2009, 4, 364—-381
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~N amine- N/\
+
benzo +NH2 +NH2 NH

capped
2

NH NH NH crown
/ { ! ether d :
(O OJ Oj Acid ( j
_— -H
?-H _— o ot

Calix[4]arene

4 4+
7 [7=4H]
Anion = Br,1,NO5
= Co?*, Ni?*, 3
ation =
cu2+. zn2+
Cation = Na*, K*

Figure 5. Tripodal amine-capped benzo crown p-tert-butylcalix[4]arene 7
suitable for transition-metal-cation binding and its protonated form
[7-4H]** for simultaneous cation and anion binding.

that the anion (Br~, I", or NO;") binds to [7-4H]** in a 1:1
ratio with binding constants (K,../M ', CD;0D, 298 K) of
58.6, 77.2, and 190.2 respectively, with Na*t as the counter-
cation.

2.3. Hydrogen Bonding

As discussed earlier, ammonium ion has been widely used
as a component to construct the pH-switchable supramolec-
ular hosts. It is also well known that crown ethers such as
[18]crown-6 and [24]crown-8 are ideal hosts for binding
both with primary alkyl- and secondary alkyl-ammonium
ions as a result of strong [N*—H--O] and [N*C—H:--O] hy-
drogen-bonding  interactions.
These interactions can be de-
stroyed simply by deprotonat-
ing the ammonium ion into an
amine by various bases.*" Stod-
dart etal®' have reported
(Figure 6) an anthracene-con-
taining amine 8 which can be
self-assembled with the diben-
zo[24]crown-8 (DB24C8, 9)
and the  bis(para-phenyle-
ne)[34]crown-10  (BPP34C10,
10) in 1:1 and 2:1 ratios, respec-

N OO
3 . . 3 H
: : y Base O
tively, in the presence of acids 8 A"'d

such as TFA or TfOH. Both
the solid-state crystal structures
of [8-HCDB24C8]™* and
[8,2HCBPP34C10]**  reveal
that the ammonium protons
and the o-methylene protons
adjacent to the nitrogen atom

Chem. Asian J. 2009, 4, 364 -381
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contribute to the hydrogen-bonding interactions with their
corresponding crown ethers to give the [2]pseudorotaxane
structures (see Section3 for details on pseudorotaxane
structures). For complex [8,2HCBPP34C10]**, the two
[8-H]* threads are encircled by the ethylene glycol chains of
the macrocycle 10, where the anthracene groups of [8-H]™*
are pointing in an opposite direction according to the solid-
state crystal structure. The structural features after reversi-
ble switching are characterized by '"H NMR spectroscopy (in
6:1 CDCly/CD;CN) by comparing the chemical shifts of the
o-methylene protons adjacent to the nitrogen atom
(RCH,N*TH,CH,R) in compounds/complexes 8, [8-H]*,
[8-HCDB24C8]*, and [8,2HCBPP34C10]**. As an exam-
ple, the chemical shifts (d) of the a-methylene proton sig-
nals of [8-HCDB24C8]* are found at 5.4 and 5.2 ppm, while
the proton signals of [8-H]* are found at 5.1 and 4.3 ppm.
After base treatment with quinuclidine, the proton signals
of the resulting amine compound 8 shift to 4.5 and 4.0 ppm,
indicating the dissociation between compounds 8 and
DB24C8. Reprotonation of the system with TFA results in
the observation of all original signals of the complex once
again by '"H NMR spectroscopy, indicating the feasibility of
the acid-base-controlled, reversible switching.

The [8-HCDB24C8]* system, moreover, exhibits photo-
physical properties between the anthracene unit on the am-
monium thread and the catechol unit on the DB24 C8 mac-
rocycle. Upon excitation at 276 nm where most of the light
is absorbed by the DB24C8, the DB24C8 fluorescence
(Amax=312nm) is almost completely quenched while the
fluorescence of [8H]' (A,.,=423nm) becomes much
higher. This observation indicates that the fluorescent excit-
ed state of the DB24C8 is deactivated by energy transfer to
the lower-lying fluorescent excited state of the anthracene
moiety of [8H]T. As a consequence, this system can be re-
garded (Figure 6, the truth table) as a NOT logic gatel

hvy
Quenching
O~ X
9 H.:
(DB24C8) H

. H _—
JH=N
FH O+ N Input Output
§ An~ Acid DB24C8

(proton) fluorescence

Acid & i
[8-HCDB24C10]+ An p
Base 0

0
Hw i; H”

H

3.

85+ 2HC BPP34C10]+ 2An

Figure 6. Acid-base reversible switching between macrocycles (9 and 10) and secondary dialkylamine 8 to
form [2]pseudorotaxanes with photochemical properties and logic functions (note the truth table).
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from which the acid (proton) serves as the input and the
crown ether fluorescence serves as the output.

In addition, this type of pH-switchable, hydrogen-bonded
supramolecular system based on ammonium and crown
ether has been employed for the investigation of the assem-
bling and disassembling properties in oligomers®®”! and poly-
mers®**! (Figure 7) by virtue of their strong binding affini-

Crown ether

Substituent a

% Acid
? ' Base
7 R

Secondary Polymer 2;\
amine chain Ammonium
c crown

Side-chain polymer
functionalization

Figure 7. Graphical representation of acid-base-controllable side-chain
polymer functionalization between a substituent bearing a secondary am-
monium unit and a polymer chain bearing crown ether units.

ties. Depending on the substituents, the conformation (e.g.
folding/unfolding, helix/linear chain) of the polymer chain
can be switched simply by changing the pH in the solution.

In particular, Tang et al.*” have reported the feasibility of
tuning the chain helicity”" and the organization morphology
of an L-valine-containing polyacetylene 11 by pH changes
(Figure 8). The pendant residue carboxylic acid and amide
groups on the polyacetylene 11 possess multiple intra- or in-
terchain hydrogen-bonding interactions to force the poly-
acetylene chains into helical strands, in which the polyacety-
lene helicity is monitored by circular dichroism spectrosco-
py. Obviously, the formation of the helical polymers is en-
tropically unfavorable. However, this entropic cost can be

K. C.-F. Leung et al.

compensated by the large enthalpic change from the multi-
ple intra- or interchain hydrogen-bonding interactions.
Upon the addition of KOH base (0 to 1.5 equivalents) to
the helical polyacetylene 11 in methanol, the circular dichro-
ism signals drop dramatically, indicating the collapse of the
polyacetylene helicity with diminished hydrogen-bonding in-
teractions by charge—charge Coulombic repulsion as well as
the blocking effect of solvated methanol molecules on the
resulting carboxylate ions. However, complete ionization/
switching is not feasible because of the polymer effect in
terms of the chain steric hindrance. Therefore, small frac-
tions of carboxylic acid group may still remain intact and
exist in un-ionized form in the polymer solution even in the
presence of excess KOH. Additionally, atomic force micro-
scopy (AFM) reaveals that the polyacetylene 11 forms heli-
cal fiber bundles with average width of about 59 nm, while
the base-treated polymers exist as single, randomly coiled
polymer chains with an average width of about 2.4 nm.
Besides linear polymers, in addition, Meijer and Gibson
et al.*”l have reported (Figure 9) a pH-responsive dendrimer
molecule decorated with crown ethers®! at the periphery.
The skeleton of the system consists of a third-generation
polypropylimine (PPI) dendrimer 12 and bis(meta-phenyle-
ne)[32]crown-10 (BMP32C10) at the periphery. Paraquat
diol 13-2PF¢ can be self-assembled to the BMP32C10 to
form supramolecular complex [13CBMP32C10]*" with an
association constant K,.,.=61+5M"', which is stabilized
crucially by [Ar—H--O] and [ArNTC-H--O] hydrogen
bonds as well as ion—dipole and m—s stacking interactions.
First, dendrimer 12 is titrated successively with paraquat
diol 13-2PF; to form polypseudorotaxane [12513n]*'* (n=
1-16). By analyzing the difference in chemical shifts during
titration, the binding is determined to be negatively cooper-
ative with an average binding constant K,,=15+2m",
which is less than that of [1I3CBMP32C10]**. When imine-
containing dendrimer 12 is fully
protonated with TFA to

Helical strands

Polyacetylene

H
-(—é:C);
Base
(KOH)

Acid

L-Valine

Intra / interchain H-bonding

lonization / Columbic repulsion

become [12-14H-TFA], the
average binding constant (K,,,)
between [12-14H-TFA] and
13-2PF; to form polypseudoro-
taxane  [12-14H-TFAD13,]*
(n=1-16) is determined to be
70+ 8m~!, which is a 4.7-fold in-
crease over that of [12>13,]"*
(Kag=15+2m""). This pH-con-
trollable switch may be due to
the rigidification of the acidi-
fied iminium dendrimers
[12-14H-TFA] for which the
three-dimensional dendritic
structure is forced electrostati-
cally to adopt a near-spherical
conformation that maximizes

Random coils

Figure 8. Helical-strand formation of L-valine-containing polyacetylene 11 with intra- or interchain hydrogen
bonding. The switching of helical strands into random coils of polyacetylene 11 can be achieved by base

host binding with individual site
isolation.

(KOH) addition to disrupt the hydrogen bonding by ionization and charge—charge Coulombic repulsion.
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Figure 9. Graphical representation of pH-responsive dendrimer 12 self-
assembling with paraquat derivative 13** at the dendrimer’s periphery
with switchable cooperativity.

Last but not least, recognition between amides and phen-
oxy anions (Figure 10)* is also a representative class of
pH-switchable supramolecular system by forming the crucial

Acid R R
i
Base |

/

H

) Disubstituted
\ __// phenol
Amide-containing
macrocycle

Figure 10. Graphical representation of a pH-responsive supramolecular
system with amide-containing macrocycle and substituted phenolate (R=
substituent) stabilized by [N-H-+-O~] hydrogen bonds.

[N—H--O~] hydrogen bonds. During the protonation of the
phenoxy anion into phenol, the hydrogen-bonding interac-
tions between the amide macrocycle and the phenol are di-
minished, leading to a reversible disassembly of the system.
Other functional groups such as sulfoxide, nitrone, phos-
phane oxide, and amide itself are excellent hydrogen-bond
acceptors for the N—H bonds.

2.4. Aromatic n—r Interaction

Although n-electron-rich and m-electron-deficient donor—ac-
ceptor noncovalent bonding interactions have continued to
play an important role in the synthesis of interlocked mole-
cules (see Section 3) because of their high self-assembling
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efficiencies, there are only a few examples™™" of these
donor-acceptor supramolecular systems that are responsive
to pH changes. One example (Figure 11)*!involves the self-

@ C
N N /rsg
Red charge- N TN
transfer complex v/ “vs@ [14 D15]+
Base || Acid
+ [14-2H]*
@, —
2NN
Colorless (g\ VWi

15% (CBPQT*)

Figure 11. pH-Driven association and dissociation of m-electron-rich
thread and m-electron-deficient macrocycle with color changes (red and
colorless).

assembly between a m-electron-rich hydroquinone linked
with triethylene glycol/4-fert-butylaniline units 14 as well as
a m-electron-deficient macrocycle, namely cyclo(bis-para-
quat-para-phenylene) tetracation (15, CBPQT**). The 1:1
self-assembly of 14 and 15** gives a red, charge-transferred
complex of [2]pseudorotaxane [14>15]*" with an association
constant (K,..) of approximately 3000m~', which is essen-
tially stabilized by a combination of face-to-face m-stacking
between the hydroquinone and the bipyridinium rings with
an interplanar distance of about 3.4 A. In fact, the flexible
ethylene glycol units of 14 can be bent and wrapped around
such that the aniline groups are also interacting with the
pyridinium rings in 15** with edge-to-face [C—H---xt] interac-
tions. In particular, the NMR signal of the hydroquinone
protons shifts by 0=—-3.80 ppm on complexation and ap-
pears at 0~3.0 ppm in CD;CN. When the red, charge-trans-
ferred complex [14D15]** is treated with 10 equivalents of
TFA, the macrocycle 15** is dissociated completely from
the protonated thread [14-2H]** by electrostatic repulsion
between the protonated anilines and 15**, yielding a color-
less solution which is successfully characterized by ‘H NMR
and UV/Vis spectroscopies. Detailed investigation by vary-
ing the amount of TFA indicates that the dissociation mech-
anism may involve the formation of intermediate complex
[14-HD15]°*, which is partially stable in the presence of a
certain amount of TFA. In addition, this type of donor-ac-
ceptor supramolecular system can act as an acid—base-con-
trollable colorimetric switch.
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Another example?! describes the formation of a donor—
acceptor [2]pseudorotaxane complex with an electron-defi-
cient dimethyldiazopyrenium and an electron-rich biphenyl-
containing macrocycle. The assembly and disassembly of the
complex can be controlled by competitive binding of the
electron-deficient dimethyldiazopyrenium with an amine
base (diethylamine), that is, addition of an amine base to
the host—guest complex results in the formation of a new di-
methyldiazopyrenium—amine complex, leading to the extrac-
tion of the free phenyl macrocyclic host.

Furthermore, the protonation and deprotonation of a pyr-
idine moiety embedded in Pt-containing aromatic guests!*’!
can also lead to the control of self-assembly and disassembly
of neutral m-stacking molecular Pd tweezer by electrostatic
interactions supplemented with weak metal-metal interac-
tions.

2.5. Hydrophobic Effect

Rigid molecular hosts consist of a hydrophobic cavity and a
hydrophilic periphery can facilitate the self-assembly with
organic molecules to form inclusion complexes or pseudoro-
taxane structures in water, which are stabilized by van der
Waals forces and m—m stacking interactions. This water-
driven self-assembling process is governed by both enthalpic
and entropic parameters. In particular, cyclodextrin (CD)!!
and cucurbituril (CB)*! (Figure 12) are two representative
macrocyclic hosts possessing ex-

cellent self-assembly with or-

K. C.-F. Leung et al.
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DH %
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Figure 12. Structures and graphical representations of cyclodextrin (CD)
and cucurbituril (CB).

amine groups on the polymer or the deprotonation of hy-
droxyl groups on the CDs, resulting in Coulombic repulsion.
For the PEI-block-PEG-block-PEI copolymers threaded
with CDs, acid treatment results (Figure 13B) in the control-
lable dethreading of the CDs located at the exterior PEI
blocks. However, the CDs threaded on the central PEG
block remain self-assembled. The threading—dethreading
processes of the CDs onto polymer backbones are character-

ganic alkyl chains or aromatic A)

compounds by hydrophobic _

£ . ; Poly(lysine) or

etfect in water. L polyethylenimine (PEI)
It has been demonstrated!! ) \‘ : / _W‘ * NH,

that o-CDs (n=6) can be
threaded efficiently with low-

molecular-weight (M, =3000-
100000 gmol™') polymers such =T
as poly(ethylene glycol) (PEG), )

poly(dimethylsiloxane), poly(i- “-‘;/ R £ - | igd B —, NH,
sobutylene),  poly(e-caprolac- HN NHy - L i X 3 /\ J HoN NH,
tone), poly(lysine),*” poly(e- e o o h iy Nz §
. poly(iysine). i poly(e- | - ‘

thylenimine) (PEI),”™” block co- N \ b | Polypseudorotaxane | : \.
polymers PEL-block-PEG-  \,~ -\ L }
block-PELPY and others. For _

. .. Poly(lysine) | pH<8.5 85<pH<12.0 12<pH
amine-containing polymers
poly(lysine) and PEI, the  PE | pH<80 9.0<pH<11.0 11.0<pH
threading of CDs onto these
polymer backbones can be con- B)
trolled (Figure 13 A) by tuning —— e A T — £
the pH value (8.5<pH<12.0 X - [ _’\ L = / NHs
for poly(lysine) and 9.0<pH< 2 2 \“,,,! A /‘ Base W Hell FRA -
11.0 for PEI) to afford the poly- A A \
pseudorotaxanes as precipitates - =  Felyishyiene glycol) (PEG) 4 J_ J
in water. For pH < 8.0 and pH > ——— = PH /

12.0, all the CDs are dethread-

Figure 13. A) Controllable threading—dethreading of cyclodextrins (CDs) onto poly(lysine) and poly(ethyleni-

ed from the polymer backbones mine) (PEI) at different pH values. B) Controllable threading-dethreading of CDs located at the exterior PEI
by either the protonation of blocks in the PEI-block-PEG-block-PEI copolymers.
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ized by the significant changes from the shielding effect of
protons, which can be observed by NMR and FTIR spec-
troscopies. X-ray diffraction (XRD) can also be employed
for the characterization of any polypseudorotaxane crystal-
line structure. The threading—dethreading processes have
been repeated for three times by alternating the pH of the
system between 4.0 and 11.0. However, only about 85 % sto-
ichiometric amount of the CDs can be threaded once again
to the block copolymer backbone after the first deprotona-
tion reaction starts from pH 4.0 to pH 11.0.

Recently, a pH-driven self-complexing switch has been
constructed from a -CD covalently conjugated with a pyri-
din-4-yl indolizine sidearm.’” At neutral state (pH 7), the
pyridine-terminated sidearm self-complexes into the hydro-
phobic cavity of the f-CD. Subsequently, adjusting the pH
of the complex to 3 with hydrochloric acid results in the pro-
tonation of the terminal pyridine group to become a pyridi-
nium ion, leading to the dissociation of the sidearm from its
B-CD cavity. Interestingly, the intrinsic fluorescent proper-
ties originating from the pyridin-4-yl indolizine sidearm can
act as a probe to monitor the self-complexing and decom-
plexing processes.

On the other hand, pH-controllable threading—dethread-
ing processes and the movement of macrocycles can also be
observed in CBs threaded with organic alkyl chains bearing
bis(ammonium)® and amineP” moieties. In particular,
CB[6]" and CBJ[7] units®™ can be threaded and assembled
(Figure 14) onto a polymer bearing a bis(ammonium) tria-
zole ring or 1,3-disubstituted phenyl ring, driven by hydro-
phobic effect as well as stabilized by [C=0--H—N*] hydro-
gen bonds and ion—dipole interactions. Upon deprotonation
of the bis(ammonium) unit by base, the noncovalent interac-
tions are disrupted such that the CBs move to the neighbor-
ing alkyl or ethylene glycol chains. In another example in-
volving a polymer threaded with both CB[7] and -CD units
(Figure 14B), the position of the B-CD remains unchanged
and stays intact on the PEG block while the CB[7] can
move along the polymer backbone upon acid-base reac-
tions. Similarly, "H NMR spectroscopy is employed to char-
acterize the movement of CBs by monitoring the chemical
shift of the prominent proton signal of the triazole ring in
D,0.

Recently, a one-pot guest swapping of f-CD and CBJ[6]
hosts has been reported.”” The
guests are adamantane-based
hexyl secondary ammonium
[16-H]* and adamantane-based
hexyl dimethyl quarterary am-
monium 17%. These guests are
two-faced guests such that the
hexyl ammonium favors the as-
sembly with CB[6] while the
adamantane group favors the
assembly with p-CD
(Figure 15). When a mixture
containing the four components
(le-H]*, 17*, pB-CD, and

SNH;
[CB[6] 216+ H']

Chem. Asian J. 2009, 4, 364 -381
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Figure 14. Acid-base-controlled movement of cucurbit[n]urils (CB[n]s)
threaded on bis(ammonium)-containing polymer backbones.

CB[6]) in water at pHY7, supramolecular complexes
[CB[6]216-H]* and [B-CDD>17]" coexist in the mixture.
CBJ[6] favors [16-H]* over 17 in a 84:16 ratio. The CB
unit® binds more strongly with secondary ammonium
[16-H]* than with 17* because of the complementary [N*
H--O] hydrogen bonding and relatively stronger ion—dipole
interaction. Upon adjusting the pH of the system to 13 with
base, [16-H] " is deprotonated to 16, thus reducing the bind-
ing affinity towards CB[6] and leading to the guest swapping
with the existence of complexes [CB[6]D17]* and [f-
CDD16]. NMR spectroscopy is used primarily to character-
ize the structural features after the swapping by monitoring
the significant shift of the N*CHj, proton signals of 177.

2.6. Miscellaneous Examples

Acid-base-controllable supramolecular self-assembly can
furthermore lead to changes in microstructures, for example,

Base

[CB[6]2174 [3-CDD16]

, 17%) swapping in CB[6] and B-CD hosts in one pot.
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the reversible rodlike to tubular
structural changes in phenylala-
nine-derived amphiphiles®! as
well as the reversible soluble
polymers to precipitate forma-
tion in calix[4]arene-based
main-chain polymer capsules.”!
Moreover, the crystal structures
of molecules can be significant-
ly altered by the treatment with
acid or base."” For applications
in biological systems, pH-con-
trollable supramolecular self-as-
sembly can lead to the reversi-
ble anion and cation selectivity
in rigid-rod f-barrel ion chan-
nels®™! as well as the reversible
operation of chiroptical
switches between achiral mole-
cules and DNA [

3. Interlocked Molecules

Interlocked molecules®™®%7 consist of two or more compo-
nents that are held together as a consequence of mechanical
linking rather than by covalent bonds. Catenanes® ™! and
rotaxanes!*®" are the archetypal examples of such mechani-
cally interlocked compounds (Figure 16). Catenanes (from

A) B) (.
f
Stopper \' \_(

Figure 16. Graphical representation of a bistable A) rotaxane and B) cat-
enane (blue: recognition site (station); red: macrocycle; green: bulky
stopper). The arrows indicate the possible movement of the ring. In a ro-
taxane, end groups (stoppers) are used to prevent the ring from deth-
reading from the backbone.

the Latin catena, meaning “chain”) are composed of two or
more mechanically interlocked macrocycles, whereas simple
rotaxanes (from the Latin rota and axis, meaning “wheel”
and “axle”, respectively) contain a linear dumbbell-shaped
component—bearing bulky end groups or “stoppers’—
around which one or more macrocycles are trapped. A pseu-
dorotaxane is a supramolecular complex binded noncova-
lently between a macrocycle and a rodlike molecule without
stoppers, such that the macrocycle can be dethreaded from
the rodlike molecule by eliminating the noncovalent interac-
tions. No longer esoteric curiosities, catenanes and rotaxanes
are now being explored® "% a5 prototype molecular ma-
chines—an intriguing application that arises from the ability
to control the relative translations of the interlocked compo-
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Figure 17. An acid-base-switchable shuttle [18-H-3PF;]. The DB24 C8 macrocyle (red) can be reversibly trans-
located between the secondary ammonium (N*H,) and 4,4-bipyridinium (bipy**) stations (blue).

nents on different stations (recognition motifs) within any
given molecular assembly.[*”) Molecular devices such as logic
gates, switches, and shuttles are now a reality.

Figure 17 shows a representative example of acid-base-
controllable molecular shuttle [18-H-3PF,] based on a bista-
ble [2]rotaxane structure.®™ It comprises a DB24C8 ring
mechanically interlocked with a dumbbell backbone bearing
two different recongnition sites—secondary dialkylammoni-
um (RCH,N*H,CH,R) and 4,4-bipyridinium (bipy**). Ini-
tially, the DB24 C8 ring resides exclusively on the dialkylam-
monium site by virtue of strong [N*—H--O] and [C—H--O]
hydrogen bonds as well as m— interactions. Addition of or-
ganic bases results in the deprotonation of the dialkylammo-
nium unit of [18-H-3PF] into an amine and thereby expels
the DB24C8 ring to the bipy*" unit to obtain [18-2PF],
which is stabilized by ion—dipole interactions. To trigger the
switching process, organic tertiary amines are ideal bases for
the deprontonation of the dialkylammonium since they do
not disrupt the chemical integrity of the bipy** recognition
site. The amine backbone can be reprotonated with TFA or
triflic acid, leading to the ring movement from the bipy*"
site to the reprotonated dialkylammonium site, owing to the
difference in their binding affinities. However, the rate of
DB24C8 movement between the forward switching and the
backward switching may be different because of the differ-
ence in their switching mechanisms. The structural features
after acid-base-controllable switching can be characterized
by 'H NMR spectroscopy (in CD;COCD;) with a significant
downfield shift of NMR signal after the encirclement of the
DB24C8 toward a recognition site. Eventually, there is a sig-
nificant change in chemical shifts of the methylene proton
for RCH,N*H,CH,RCDB24C8 (6~4.8 ppm), RCH,N*
H,CH,R (0~4.5ppm), and for RCH,NHCH,R (o
~3.7 ppm) after base deprotonation, which reveals the posi-
tion of the DB24C8 ring during the switching process. Re-
cently, two types of acid-base-switchable [2]rotaxane have
been developed based on this design by modifying 1) the
bipy** recognition site into 1,2-bis(pyridinium)ethane!®! or
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in the oligoethylene glycol,’ and 2) the DB24CS8 ring into
an “oxygen-deficient” macrocycle.””

Leigh and Keaveney® have reported the pH-controllable
shuttling of a hydrogen-bonded macrocycle on a rotaxane
backbone through anion recognition. For the neutral rotax-
ane compound 19-H (Figure 18), the rotaxane backbone
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Figure 18. pH-Controllable shuttling of a hydrogen-bonded [2]rotaxane
through anion recognition as a type of phenol-phenolate reversible for-
mation.

consists of two molecular recognition units, namely the suc-
cinamide (green part) and the hydroxy cinnamamide (red
part). Initially, the isophthalamide-containing macrocycle
(blue part) resides preferentially on a succinamide unit
rather than on a hydroxy cinnamamide unit, owing to the
formation of more-stable amide—amide hydrogen bonds.
Compared to the linear backbone (thread) without the mac-
rocycle, the succinic methylene protons in 19-H are shielded
by 6>1.2 ppm, observed by '"H NMR spectroscopy using a
range of solvents (CDCl;, CD,Cl,, CD;CN, and N,N'-dime-
thylformamide ([D;]DMF)). For the pH-controlled shuttling
process of the macrocycle from succinamide to the hydroxy
cinnamamide unit, various bases including LiOH, NaOH,
KOH, CsOH, nBu,NOH, rBuOK, 1,8-diazabicycloundec-7-
ene (DBU), and phosphazene P, can be used to deprotonate
nicely the phenolic proton present in the hydroxy cinnama-
mide unit to form anionic rotaxane 19°. The signal of the
proton H,, located over the phenolate anion is shifted by
0=—0.6 ppm while the chemical shifts of the succinic meth-
ylene protons are unchanged compared to the deprotonated
thread anion. This indicates that the macrocycle resides on
the phenolate unit. The shuttling process was proven to be
reversible by reprotonation of the phenolate using TFA,
which again confirmed the original structure by 'H NMR
spectroscopy. Moreover, such a pH-controllable shuttling
process is not influenced by countercation (Lit, Na*, K*,
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Cs*, and nBu,N*) and counteranion (F~, Cl-, Br~, I, NO;",
and AcO") effects.

Furthermore, the authors have investigated the solvent ef-
fects upon the anion-induced shuttling process. Interestingly,
they found out that the degree of discrimination of the mac-
rocycle for the phenolate unit over the succinamide unit is
excellent in polar solvents [D;]JDMF, CD;CN, and CD;0D
but not in less polar solvents CDCl; or CD,Cl,. Normally,
polar solvents disfavor hydrogen-bond formation because
the polar solvent molecules can be binded competitively to
the hydrogen-bond donor-acceptor sites and diminished the
hydrogen-bonding affinity. However, the observed result
arises presumably because when all the amide groups (succi-
namide and isophthalamide) are adequately solvated by the
polar solvents, the phenolate anion can still provide a hydro-
gen-bonding site for one of the isophthalamide units on the
macrocycle.

The consequence of using Stoddart’s type of the acid-
base-switchable [2]rotaxane shuttles ([18-H-3PF,], see also
Figure 17) leads to the design and construction of a “molec-
ular elevator” [20-3H]* (Figure 19A). In the trifurcated
molecular compound [20-3H]°*, three rotaxane backbones
similar to [18-H]** are augmented to a trisubstituted ben-
zene ring, such that a platform bearing three DB24 C8 units
is interlocked with each of the ammonium unit of the rotax-
ane backbone. The platform interlocked with the three ro-
taxane arms can be switched upon pH changes to give 20°%,
leading to a nanoscale movement (ca.0.7 nm) of the plat-
form with an estimated 200 pN force generated during each
acid-base-controlled switching. The acid-base switching of
the molecular elevator has been tested reversibly for 10
times with the successive addition of stoichiometric amount
of phosphazene base and TFA. UV/Vis absorption spectros-

Doubly-threaded
rotaxane dimer

[21-2HP
Extension

Acid

Base

~0.9 nm

Acid || Base

20%

Platform
with 3
DB24C8
rings

Figure 19. A) pH-driven molecular elevator containing a vertically mova-
ble platform. B) pH-Driven molecular muscle containing doubly thread-
ed rotaxane dimer with extension/contraction movements.
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copy was employed to monitor the change in absorbance at
310 nm during reversible switching, and there was only
some loss of absorption signal observed in the first cycles,
demonstrating the robustness and excellent reversibility of
this class of molecular machine.

Furthermore, the acid-base-switchable [2]rotaxane shuttle
bearing DB24C8, dialkylammonium, and  bipy**
([18-H-3PF;], see also Figure 17) can be used as a prototype
to produce a “molecular muscle” [21-2H]** (Figure 19B)X!
based on doubly threaded rotaxanes™**! using monomers
[22-HP*". The doubly threaded rotaxane or namely a
[c2]daisy chain topology is identified wherein two mechani-
cally interlocked filaments can glide along one another
through the terminal DB24 C8 rings and in which the end of
each filament is attached to a bulky stopper to prevent deth-
reading of the rings.””! In this Janus-type molecule [21-2H]°*,
the two DB24 C8 rings move between the dialkylammonium
and bipy®" recognition sites under acid-base control, confer-
ring upon the molecule’s overall expansion ([21-2H]**)/
contraction (21*") behavior (difference in distance
ca. 0.9 nm), reminiscent of the action of a muscle.” Similar-
ly, the structural features after the acid—base switching using
TFA and phosphazene base were characterized using
'THNMR and UV/Vis spectroscopies by observing the
changes in the characteristic ammonium proton and methyl-
ene proton (RCH,N*tH,CH,RCDB24C8) signals and the
absorbances.

It has been demonstrated that the pH-controllable
switches are useful prototypes for the construction of com-
plex supramolecular systems and functional molecular ma-
chines.” However, molecular switches and operational mo-
lecular machines will be beneficial by immobilizing them on
solid supports such as nanoparticles, flat metal surfaces, or
microfluidic devices to overcome the Brownian motion in
solution and to bring about order with specific patterns.

4. Multicomponent Supramolecular Systems

In the previous section, we discussed that mechanically in-
terlocked molecules have been studied extensively for the
ability of the interlocked ring to be switched on demand by
pH changes with acid and base. Coupled with their ability to
be customized and optimized for nanoscale functions, these
interlocked molecules are excellent candidates as movable
elements in the construction of a nanovalves™ based on a
solid-phase support, for example, mesoporous silica—as a
reservoir to incorporate molecules. Mesoporous silica
MCM-41 consists of roughly spherical silica particles with an
average diameter of 500 nm as verified by scanning electron
microscope (SEM) which are templated by cetyltrimethy-
lammonium bromide to produce pores with a diameter of
1.5-2.0 nm. Owing to its robust reactivity, the silanol group
on mesoporous silica is effectively utilized to tether inter-
locked molecules and other nanovalve components, thus en-
abling the complete construction of a molecular valve. In
the context of movable elements, the interlocked molecules
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consist of two parts: ring and stalk (Figure 20). In its thread-
ed form, the ring bonds noncovalently to the stalk at a rec-
ognition site. Using a proper stimulus to reduce or eliminate

Acid or base
stimulation
D ———_—___—_—_—_—_——

Mesoporous Substrate

silica

"Closed" Nanovalves

"Opened" Nanovalves

A

Dibenzyl- B Alkyl bis- c
ammonium (ammonium) PEl tether
tether tether
DB24C8 CBI6] a-CD

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 20. pH-Controlled substrate release in mesoporous silica with
pseudorotaxane-based nanovalves: A) [DB24C8>dibenzylammonium];
B) [CB[6]D>alkyl bis(ammonium)]; C) [a-CDDPEI]. The macrocycles
threaded onto specific tethers are used to block the passageway, leading
to the trapping of substrates. Acid or base stimulation can trigger the
controlled release of trapped substrates by disrupting the noncovalent in-
teractions between macrocycles and tethers.

the noncovalent binding, the ring dethreads from the
stalk.” The nanoscale passageways that contain trapped
molecules and provide a platform for interlocked molecules
are prepared by the surfactant-directed self-assembly to
yield ordered hexagonal arrays of channels in sol-gel-de-
rived silica."*!

A hydrogen-bonded supramolecular system based on the
DB24 C8/dialkylammonium ion pseudorotaxane (see also
Figure 6) and functioning as the moving parts of nanovalves
(Figure 20 A) meets the requirement of a pH-responsive
nanovalve.'"1% Apstraction of protons from the dialkylam-
monium moieties by action of a base (such as triethylamine)
switches off the hydrogen bonds between the dialkylammo-
nium ions and the DB24 C8 rings, leading to dissociation of
the rings and opening of the nanovalves. The functioning of
the nanovalves depends on whether the moving parts can
block the trapped molecules from leaking out when the
nanovalves are closed and on the efficiency of their move-
ment away from the pores to release the trapped molecules.
A range of bases with different basicities and structural
properties including hexamethylphosphorous triamide
(HMPT), N,N'-diisopropylethylamine (DIPEA), and trie-
thylamine is employed to effect the controlled release of
coumarin 460. The half-life (¢,,) is defined as the time the
system takes to release half of the content characterized by
the increase of coumarin’s fluorescent signal at 503 nm. For
HMPT-triggered release, t;, is 450+30s. The ¢, value for
DIPEA-activated release is 300+ 30 s. With triethylamine as
base, the t,, value decreases further to 100+20s. Compar-
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ing the three organic bases, the controlled release—accord-
ing to the deprotonation mechanism—is governed by the ba-
sicity and the steric hindrance of the bases employed.
DIPEA and triethylamine have similar basicities, as reflect-
ed by their pK, values (9.0 and 8.5, respectively) in DMSO.
The rate of release using DIPEA is lower than that when
using triethylamine. This result indicates that the bulkier
DIPEA—despite being the stronger base—deprotonates the
complex tethered to the silica particles more slowly, thus af-
fecting the rate of operation of the nanovalves. When a
bulkier and weaker base (HMPT) is used, the rate of release
is even slower. The variation of the bases having different
steric properties and basicities is manifested in the three dif-
ferent release rates such that triethylamine >DIPEA >
HMPT.[IOLNZ]

Moreover, supramolecular systems based on hydrophobic
effect and ion—dipole interaction were employed to con-
struct pH-responsive nanovalves on mesoporous silica for
controlled substrate release. These systems, which can be
operated under physiological conditions, utilize water-solu-
ble, low-toxicity CD!"l and CB[6]™¥ as the host molecules
for trapping of a variety of linear hydrophobic compounds
(see Section 2.5). By way of recent examples, [a-CDDPEI]
or [CB[6]Dalkyl bis(ammonium)] pseudorotaxanes (see also
Figures 13 and 14) are linked successfully to the surface of
mesoporous silica,!”!™ affording biocompatible nanovalves
for potential controlled drug release.

For the nanovalves utilizing [a-CDDPEI] pseudopolyro-
taxane as the stalks with loaded calcein substrates inside the
orifice of mesoporous silica in a phosphate-buffered saline
(PBS) solution, lowing the pH value from 11 to 5.5 in the
system leads to the protonation of the PEI amines into the
ammonium ions (Figure 20C). This process results in the
dissociation of the a-CDs from the protonated PEI chains
by Coulombic repulsion, leading to the release of calcein as
detected by the increasing signal from fluorescence spectros-
copy monitored at 520 nm (maximum fluorescent wave-
length of calcein).'®! On the other hand, for the nanovalves
utilizing [CB[6]Dalkyl bis(ammonium)] pseudorotaxane as
the stalks with loaded rhodamine B substrates inside the ori-
fice of mesoporous silica in aqueous hydrochloric acid solu-
tion, increasing the pH to 10 by adding aqueous NaOH solu-
tion to the system leads to the deprotonation of the alkyl
bis(ammonium) ions into the corresponding bis(amine) (Fig-
ure 20B). This process results in the dissociation of the
CBJ6] units from the deprotonated stalks by disrupting the
ion—dipole interactions, leading to the release of rhodami-
ne B as detected by the rapidly increased signal from real-
time fluorescence spectroscopy monitored at 578 nm.!'*

The pH-controlled release of trapped substrates in meso-
porous silical’® is not only limited to the interlocked mole-
cule-based nanovalves, but others involving polyamines!'®’!
or carboxylic acids!'""”! can also act as the gate molecules to
control the substrate release upon pH changes. For poly-
amines as the stalks in one nanovalve system,['®! approxi-
mately 30 polyamine chains are attached to the nanopore
orifice (Figure 21 A). The protonated polyamines (polyam-
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Figure 21. pH-Driven nanovalves on mesoporous silica. The bulky anion-
polyammonium tethers (A) and the cationic polymer-carboxylate tether
(B) are reversibly functionalizable to trap the substrates by steric hin-
drance. Addition of acid or base disrupts the electrostatic interactions of
the stalks, thus inducing a controlled release of substrates.

monium) at pH 3 with sulfate or other anions (Cl-, PO,”,
ClO,”, or adenosine-5-triphosphate (ATP?*")) result in
shielding of the nanopores with trapped squaraine substrates
or ruthenium complexes to obtain “closed” nanovalves. In-
creasing the pH value of the closed nanovalves to 6 leads to
the deprotonation of polyammonium and thus the detach-
ment of bulky anions from the stalks, thereby leading to the
release of substrates. The rate of release can be controlled
at different pH values. The bulkiness of different anions has
drastic effects on the nanopore’s shielding efficacy in obtain-
ing tightly “closed” nanovalves as well as the rate of con-
trolled substrate release.

On the other hand, another nanovalve system!"””! involves
multiple electrostatic interactions between carboxylate
stalks and cationic polymers (poly(dimethyldiallylammoni-
um chloride, PDDA) at pH 6.5 to block the nanoscale passa-
geway, forming a “closed” nanovalve (Figure21B). Upon
addition of acid, the carboxylate stalks are protonated into
carboxylic acid, which lowers the binding affinity of PDDA
to the stalks and thus induces a controlled substrate (vanco-
mycin) release. At pH 2.0, the release rate is fast with
90 wt % substrate released within 30 min. Noticeably, the
employed mesoporous silica material is SBA-15 silica rod
with a narrow pore size distribution (7.2 nm), which is large
enough to contain ample functional molecules within the
nanopores.

Conclusions and Perspectives

In conclusion, selected pH-responsive supramolecular sys-
tems can be switched by a variety of acids (trifluoroacetic
acid, triflic acid, or hydrochloric acid) and bases (tertiary
amine, secondary amine, hydroxide, butoxide, amidine, or
phosphazene) on demand. These recent examples demon-
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strate the ability of acid-base changes to facilitate the con-
trol of molecular and polymeric structural conformations
(motion, movement) as well as the flow regulation in nano-
valves—and these represent only the tip of the iceberg.
Thus far, an increasing number of fascinating supramolec-
ular molecular systems have been designed and synthe-
sized'® for potential or practical use in molecular electron-
ics, sensors, and drug delivery applications. However, one
concern is the waste salts generated after each acid-base
neutralization reaction. The accumulation of the salts after
several switching processes in solution will eventually affect
the supramolecular complexation and the characterization
of resulting superstructures. To this end, the drawback can
be solved by immobilizing the desired supramolecular sys-
tems onto solid-phase supports, flat metal surfaces, or fluidic
devices, featuring washing processes with clean solvents for
waste salt disposal, thus for continuous reversible switching.
In one significant instance, the organization of desired pH-
responsive supramolecular systems has emerged in the fabri-
cation of useful devices for both electronic and biological
applications.
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Fabrication of inorganic micropatterns with low cost and
large area uniformity has potential applications in biomed-
icine!'! and microelectronics.”) As an alternative to conven-
tional fabrication methods such as lithography and electro-
deposition, bio-inspired, chemical methods involving con-
trolled deposition of inorganic materials on organic interfa-
ces have been suggested.”] Although micropatterns of vari-
ous inorganic materials™ such as TiO,, ZrO,, SrTiOs, SnO,,
ZnO, Ta,0s, Fe;0,4, and Cu have been generated by chemo-
selective deposition of inorganic species on patterns of self-
assembled monolayers (SAMs) through specific chemical re-
actions, these depositions were usually performed under
acidic conditions (near pH 2) and/or relatively high temper-
atures (50-120°C). In contrast, the physicochemical control
of inorganic materials in biological systems is achieved in-
trinsically under physiological conditions (at near neutral
pH and room temperature). In the aim of developing meth-
ods for generating inorganic micropatterns under mild and
biofriendly conditions, biomimetic approaches that utilize
micropatterns of enzymes or biomimetic polymers as cata-
lytic templates have been investigated.™® For example, the
micropatterns of catalytic templates for silica deposition
were fabricated by sophisticated techniques of holographic
two-photon-induced photopolymerization® and photoli-
thography,®>l and the micropatterns of silica nanoparticles
were generated.”®! The thickness of the patterned silica/
template hybrid films was also controlled by varying the
thickness of the template films via surface-initiated, atom
transfer radical polymerization.!! Albeit successful, the
methods still lacked the biocompatibility that was required
for interfacing biomimetic mineralization with biological en-
tities, such as living cells. Compared with the radical poly-
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merization, layer-by-layer (LbL) processes are considered to
be more biofriendly”! in addition to the fact that the pro-
cesses have been frequently used to form micropatterns of
polymers and metals with simple controllability of thickness
under mild conditions.!! In this work, we demonstrate the
biomimetic formation of silica micropatterns as a first step
toward the realization of living-cell-silica interfaces, where
all the processes were performed in aqueous solutions under
mild conditions, by taking advantage of the LbL technique.

Poly(diallyl dimethyl ammonium chloride) (PDADMA,
M: 100000-200000) was selected as a catalytic template for
biomimetic silicification, because the previous studies indi-
cated that polyamine-containing, cationic peptides, named
silaffins, played important roles in biological silica formation
of diatoms,” and quaternary amine-containing synthetic
polymers have proven chemically catalytic for biomimetic
silica formation.'” In addition, PDADMA has been used
for the formation of multilayered silica/PDADMA films.['!]
PDADMA and sodium polystyrene sulfonate (PSS, M,
70000) were alternatively deposited onto the surface that
had been patterned with hexadecanethiol and triethylene
glycol mono-11-mercaptoundecyl ether by microcontact
printing (see the Supporting Information).’! The patterns in
this study were circular (diameter: 30 um; separated by
10 um). The patterned substrate was alternately immersed
in aqueous NaCl (0.5m) solutions of PDADMA (5 mgmL ")
and PSS (5mgmL™") for 5min each, and the thickness of
the films was varied by the number of the immersion steps.
The LbL process was finished with PDADMA for achieving
catalytic interactions with silicic acid derivatives at the inter-
face. After thoroughly washing the substrate with deionized
water, the PDADMA/PSS-patterned substrate was placed
for 30 min in the 50 mwm silicic acid solution that had been
made by adding 0.1 mm HCI solution of tetramethyl orthosi-
licate (100 mM) to 100 mm phosphate buffer (pH 5.5) with
1:1 (v/v) ratio.

After biomimetic silicification, the XPS spectrum showed
Si peaks at 102.20 (Si2p) and 153.47 eV (Si2s; see the Sup-
porting Information). In addition, a P2p peak was also ob-
served at 132.50 eV with a weak intensity, indicating the in-
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volvement of phosphate anions in the silicification process.
The IR spectrum also confirmed the successful silicification
on the patterned surface (Figure 1). New peaks were ob-

(c) / A
(b} /\ A

(@

T T T y T T T T T
1800 1600 1400 1200 1000 800

cm™

Figure 1. IR spectra of the patterned PDADMA/PSS (11/10) multilayer:
a) before silicification, b) after silicification without phosphates, and c)
after silicification with phosphates.

served at 1216, 969, and 800 cm™!, which were assigned as
Si-O-Si asymmetric stretching, Si-O™~ stretching, and Si-O-Si
symmetric stretching, respectively.!'?!

Silicification occurred spatio- and chemoselectively, and
silica patterns were generated only on the circular patterns
of PDADMA/PSS (11/10) films (Figure 2a,b). The AFM
micrograph of the patterned PDADMA/PSS (11/10) film
showed that the thickness was about 60 nm with root-mean-
square (rms) roughness of 29.9 nm (Figure 2¢). After silicifi-
cation, the thickness of the circular patterns increased to
about 200 nm (rms: 91.3 nm; Figure 2d). The thickness in-
crease indicated that the silicification was not limited to the
top-most layer of PDADMA, but occurred in the entire
layer of PDADMA/PSS films. As a comparison, we and
others previously reported the formation of ultrathin silica
films (<10 nm) when biomimetic silicification was catalyzed
by top-most functional groups.®™™'! The presence of silica in
the inner layers of the films was confirmed further by
energy-dispersive X-ray (EDX) spectroscopy. The EDX line
profiles for the cross-section of the dissected films indicated
the presence of silica in the whole range of the films, and
the elemental analyses showed that the compositions of
silica at the top layer were similar or nearly identical to
those at the inner layer (see the Supporting Information).

Another characteristic of the formed silica was the pres-
ence of nanospherical structures, which resulted in the in-
creased roughness. The use of poly(2-dimethylaminoethyl
methacrylate) films as a catalytic template generally yielded
quite smooth silica films,*'*! while solution-based silicifica-
tion produced nanoparticles in most cases.”'"! We believe
that the observed nanospherical structures were caused by
the noncovalent nature of the LbL process. Sumper et al. re-
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Figure 2. a) Optical micrograph of the patterned PDADMA/PSS (11/10)
multilayer. b) SEM micrograph of the patterned silica-PDADMA/PSS
(11/10) multilayer. Scale bars for (a) and (b): 10 um. AFM micrographs
of c)the patterned PDADMA/PSS (11/10) multilayer and d) the pat-
terned silica-PDADMA/PSS (11/10) multilayer. Their sectional views are
also shown.

ported that silica nanoparticles were generated in solution
by predetermined polymeric templates that were formed by
electrostatic interactions.”'* In other words, electrostati-
cally associated polymeric chains were thought to induce the
formation of silica nanoparticles. The LbL deposition was
performed under mild conditions, and the deposited poly-
mers interacted electrostatically with one another. The sur-
face density of the polymers would not be as dense as that
of the polymers grafted by surface-initiated polymeriza-
tion,!*1%12 and the polymers themselves would be relatively
free locally. Therefore, the conformational change of the
polymeric chains yielded more silica deposition (increase in
the thickness) as well as formation of silica nanoparticles
that had been observed with free polymers in solution. This
hypothesis was supported by the required presence of phos-
phates for biomimetic silicification in our systems. Phos-
phate or other polyvalent anions were found to act as a floc-
culating agent required to trigger biomimetic silica forma-
tion.'! Control experiments without phosphates showed im-
perfect deposition of silica (Figure 1b), implying that the
polymers in the LbL layer were less dense than the poly-
mers grafted by surface-initiated polymerization and free to
form complexes with phosphates; the latter did not require
phosphates for biomimetic silica formation,'” because the
polymers themselves were densely packed without the aid
of phosphates.
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The thickness of patterned silica films was controlled by
the number of multilayers. We prepared three different sam-
ples of PDADMA/PSS mutilayers (6/5, 11/10, and 16/15),
and performed biomimetic silicification. The cross-sectional
SEM micrographs showed that the thickness of the silica
layers increased as that of the polymeric multilayers in-
creased (Figure 3). Of interest, the thickness change of the

Figure 3. Cross-sectional SEM micrographs of the silica-PDADMA/PSS
films formed from the PDADMA/PSS (6/5) (a), (11/10) (b), and (16/15)
(c) multilayers. Scale bars: 100 nm.

multilayers also affected the nanoscopic morphology of the
formed silica. The nanospherical morphology, predominant
in the structure from the PDADMA/PSS (16/15) mutilayer
(Figure 3¢), became unobservable in the structures from the
(6/5) and (11/10) multilayers (Figure 3a,b). We think that
thinner films might have less spatial flexibility for the pro-
cesses—self-aggregation and polycondensation of silica pre-
cursors—that would lead to the formation of silica nanopar-
ticles.

In summary, we have demonstrated a simple but versatile
method for generating silica patterns under mild conditions.
The method has several advantages: micro- and nanofabri-
cation techniques allow the formation of any arbitrary silica
shape because the biomimetic silicification occurs only at
the PDADMA/PSS-presenting areas; the thickness of the
silica films (in other words, the aspect ratio of the silica
structures) is controlled simply by the thickness of the
PDADMA/PSS films, which is varied by the number of LbL
depositions; the method is compatible with biological enti-
ties and biomaterials because all the processes proceed in
aqueous solutions under mild conditions; the method is not
limited to silica and could be extended to other inorganic
materials, such as titanium oxides and other metal oxides.['”

Experimental Section

Materials: PDMS prepolymer (Sylgard 184, Dow Corning Corp.), (tride-
cafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (United Chemical Tech-
nologies, Inc.), gold-coated silicon wafers (with a titanium adhesion layer
of 5 nm and thermally evaporated gold layer of 100 nm, K-MAC, Korea),
triethylene glycol mono-11-mercaptoundecyl ether (95%, Aldrich), 1-
hexadecanethiol (99 %, Aldrich), poly(diallyl dimethyl ammonium chlo-
ride) (PDADMA, average M,: 100000-200000, 20 wt% in H,O, Al-
drich), sodium polystyrene sulfonate (PSS, average M,: ca.70000,
powder, Aldrich), hydrochloric acid (HCI, 35 %, Junsei), tetramethyl or-
thosilicate (TMOS, 99 %, Aldrich), and absolute ethanol (99.8 %, Merck)
were used as received. Ultrapure water (18.3 MQcm) from the Human
Ultrapure System (Human Corp., Korea) was used.

Microcontact printing: A PDMS prepolymer was cast against a microfab-
ricated photoresist master (30 um circular wells separated by 10 pum).
Curing the prepolymer (at 60°C for 12 h) and peeling it away from the

384 www.chemasianj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. H. Yang and I. S. Choi

master provided a negative replica of the two-dimensional pattern of the
photoresist. The negative replica of PDMS, composed of protruding cy-
lindrical features on the surface, was used as a stamp. Before casting the
PDMS prepolymer, the master was pretreated with (tridecafluoro-1,1,2,2-
tetrahydrooctyl)trichlorosilane for 1h under vacuum at room tempera-
ture to functionalize the surface with the fluorocarbon. The stamp was
inked with a drop of an ethanolic solution (10 mm) of hexadecanethiol,
which was contact-printed onto a gold substrate that had been cleaned
with piranha solution. After printing, the gold substrate was immersed
for 1 min in an ethanolic solution (10 mm) of triethylene glycol mono-11-
mercaptoundecyl ether.

Layer-by-layer (LbL) self-assembly: An aqueous NaCl solution (0.5M)
was used for preparing the PDADMA and PSS solutions. The final con-
centration of the solutions was 5 mgmL~". The patterned gold substrate
was alternately immersed in 2 mL of the PDADMA solution and 2 mL
of the PSS solution for 5 min for each step. The thickness of the polymer-
ic pattern was arbitrarily adjusted by controlling the number of layer-by-
layer depositions. The LbL process was always finished with PDADMA
for good interactions between the biomimetic polymer and silicic acid de-
rivatives.

Biomimetic silicification: After thoroughly washing the substrate with de-
ionized water and drying under a stream of argon, a PDADMA/PSS-pat-
terned substrate was placed in 2 mL of 50 mw silicic acid solution, which
had been independently prepared by stirring an HCI solution (0.1 mm) of
TMOS (100 mm) at room temperature for 20 min and adding the result-
ing solution to aqueous sodium phosphate buffer (100 mm, pH 5.5) with
1:1 (v/v) ratio. After 30 min, the substrate was taken, washed with deion-
ized water and ethanol, and dried under a stream of argon.

Characterizations: Scanning electron microscopy (SEM) images were ob-
tained using an FEI XL FEG/SFEG microscope (FEI Co., Netherlands)
with an accelerating voltage of 10 eV. All samples were sputter-coated
with platinum. IR spectra were recorded on a Thermo Nicolet Nexus
FTIR spectrometer in a SAGA mode. The X-ray photoelectron spectros-
copy (XPS) study was performed with a VG-Scientific ESCALAB 250
spectrometer (United Kingdom) with a monochromatized Alg, X-ray
source (1486.6 eV). Atomic force microscopy (AFM) imaging was per-
formed in a tapping mode on a Nanoscope IIla multimode scanning
probe microscope (Veeco, United States) with a tapping mode etched sil-
icon probe (TESP). The thickness of monolayer and polymeric films was
measured with a Gaertner L116s ellipsometer (Gaertner Scientific Cor-
poration, IL) equipped with a He—Ne laser (632.8 nm) at a 70° angle of
incidence. A refractive index of 1.46 was used for all the films.

Acknowledgements

This work was supported by the Korea Research Foundation Grant
funded by the Korean Government (MOEHRD) (KRF-2008-313-
C00496). We also thank Dr. Ha and Dr. Bae at Korea Basic Science In-
stitute for the XPS analysis, and M. S. Hyun and M. H. Kim at the Na-
tional Nanofab Center for the IR and SEM analyses.

Keywords: biomimetic synthesis - layer-by-layer deposition -
micropatterns - silica - silicification

[1] a) C. S. Chen, M. Mrksich, S. Huang, G. M. Whitesides, D. E. Ingber,
Science 1997, 276, 1425; b) R. G. Flemming, C.J. Murphy, G. A.
Abrams, S.L. Goodman, P.F. Nealey, Biomaterials 1999, 20, 573;
c) J. Bai, C. M. Snively, W. N. Delgass, Adv. Mater. 2002, 14, 1546;
d) J. H. Ward, R. Bashir, N. A. Peppas, J. Biomed. Mater. Res. 2001,
56, 351.

[2] a)J. A. Rogers, C. Mirkin, Mater. Res. Bull. 2001, 26, 506; b) S.Y.
Chou, P.R. Krauss, P.J. Renstrom, Science 1996, 272, 85; c)S.Y.
Chou, C. Keimel, J. Gu, Nature 2002, 417, 835.

Chem. Asian J. 2009, 4, 382-385



http://dx.doi.org/10.1126/science.276.5317.1425

http://dx.doi.org/10.1016/S0142-9612(98)00209-9

http://dx.doi.org/10.1002/1521-4095(20021104)14:21%3C1546::AID-ADMA1546%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1097-4636(20010905)56:3%3C351::AID-JBM1103%3E3.0.CO;2-A

http://dx.doi.org/10.1002/1097-4636(20010905)56:3%3C351::AID-JBM1103%3E3.0.CO;2-A

http://dx.doi.org/10.1126/science.272.5258.85

http://dx.doi.org/10.1038/nature00792



Bio-Inspired Silicification on Patterned Surfaces

[3] a) E. Béuerlein, Angew. Chem. 2003, 115, 636; Angew. Chem. Int.

Ed. 2003, 42, 614; b) S. Mann, in Biomimetic Materials Chemistry,

Wiley, New York, 1996, pp. 1-40; c) J. Aizenberg, D. A. Muller, J. L.

Grazul, D. R. Hamann, Science 2003, 299, 1205.

a) T. Nakanishi, Y. Masuda, K. Koumoto, Chem. Mater. 2004, 16,

3484, and references therein; b) R.J. Collins, H. Shin, M.R.

DeGure, A. H. Heuer, C. N. Shukenik, Appl. Phys. Lett. 1996, 69,

860; c) M. Bartz, A. Terfort, W. Knoll, W. Tremel, Chem. Eur. J.

2000, 6, 4149; d) Y. F. Gao, Y. Masuda, K. Koumoto, Chem. Mater.

2004, 16, 1062; e) P. Lipowsky, R. C. Hoffmann, U. Welzel, J. Bill, F.

Aldinger, Adv. Funct. Mater. 2007, 17, 2151; f)S. Sawada, Y.

Masuda, P. Zhu, K. Koumoto, Langmuir 2006, 22, 332.

a) L.L. Brott, R.R. Naik, D.J. Pikas, S. M. Kirkpatrick, D. W.

Tomlin, P. W. Whitlock, S.J. Clarson, M. O. Stone, Nature 2001, 413,

291; b) E. A. Coffman, A.V. Melechko, D.P. Allison, M. L. Simp-

son, M. J. Doktycz, Langmuir 2004, 20, 8431; c) O. Helmecke, A.

Hirsch, P. Behrens, H. Menzel, J. Colloid Interface Sci. 2008, 321, 44;

d) F. Hua, J. Shi, Y. Lvov, T. Cui, Nano Lett. 2002, 2, 1219; ¢) Y. Qi,

M. Chen, S. Liang, W. Yang, J. Zhao, Appl. Surf Sci. 2008, 254,

1684.

[6] D.J. Kim, K.-B. Lee, T. G. Lee, H. K. Shon, W.-J. Kim, H.-j. Paik,
1. S. Choi, Small 2005, 1, 992.

[7] a) B. Wang, P. Liu, W. Jiang, H. Pan, X. Xu, R. Tang, Angew. Chem.
Int. Ed. 2008, 47, 3560; b) S. Kidambi, 1. Lee, C. Chan, Adv. Funct.
Mater. 2008, 18, 294; c) P.J. Yoo, K. T. Nam, A. M. Belcher, P. T.
Hammond, Nano Lett. 2008, 8, 1081.

[8] a) P. T. Hammond, Adv. Mater. 2004, 16, 1271, and references there-
in; b) T. R. Hendricks, I. Lee, Thin Solid Films 2006, 515, 2347; ¢) 1.
Lee, Chem. Mater. 2003, 15, 4583.

[4

[l

5

[t

CHEMISTRY

AN ASIAN JOURNAL

[9] a) N. Kroger, R. Deutzmann, C. Bergsdorf, M. Sumper, Proc. Natl.
Acad. Sci. USA 2000, 97, 14133; b) M. Sumper, Science 2002, 295,
2430; c) N. Kroger, S. Lorenz, E. Brunner, M. Sumper, Science 2002,
298, 584.

[10] a) W. K. Cho, S. M. Kang, D.J. Kim, S. H. Yang, I.S. Choi, Lang-
muir 2006, 22, 11208; b) Y. Jia, G. M. Gray, J. N. Hay, Y. Li, G.-F.
Unali, F. L. Baines, S.P. Armes, J. Mater. Chem. 2005, 15, 2202;
¢)J.J. Yuan, O.O. Mykhaylyk, A.J. Ryan, S.P. Armes, J. Am.
Chem. Soc. 2007, 129, 1717; d) G. M. Gray, J. N. Hay, Mater. Res.
Soc. Symp. Proc. 2003, 775, 179.

[11] N. Laugel, J. Hemmerle, C. Porcel, J.-C. Voegel, P. Schaaf, V. Ball,
Langmuir 2007, 23, 3706.

[12] a) A.J.M. deMan, R.A. vanSanten, Zeolites 1992, 12, 269;
b) E. M. Flanigen, H. Khatami, H. A. Szymanski, Adv. Chem. Ser.
1971, 101, 201; c¢) D.J. Kim, K.-B. Lee, Y. S. Chi, W.-J. Kim, H.-j.
Paik, I. S. Choi, Langmuir 2004, 20, 7904.

[13] S. M. Kang, B.S. Lee, S.-g. Lee, 1. S. Choi, Colloids Surf. A 2008,
313-314, 150.

[14] a) F. Noll, M. Sumper, N. Hampp, Nano Lett. 2002, 2, 91; b) M.
Sumper, Angew. Chem. 2004, 116, 2301; Angew. Chem. Int. Ed.
2004, 43, 2251; c) E. Brunner, K. Lutz, M. Sumper, Phys. Chem.
Chem. Phys. 2004, 6, 854.

[15] a) M. Sumper, S. Lerenz, E. Brunner, Angew. Chem. 2003, 115,
5350; Angew. Chem. Int. Ed. 2003, 42, 5192; b) M. Sumper, N.
Kroger, J. Mater. Chem. 2004, 14, 2059; c) K. Lutz, C. Groger, M.
Sumper, E. Brunner, Phys. Chem. Chem. Phys. 2005, 7, 2812.

[16] S. H. Yang, K. Kang, 1. S. Choi, Chem. Asian J. 2008, 3, 2097.

Received: October 6, 2008
Published online: December 29, 2008

Chem. Asian J. 2009, 4, 382-385

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemasianj.org 385



http://dx.doi.org/10.1002/ange.200390144

http://dx.doi.org/10.1002/anie.200390176

http://dx.doi.org/10.1002/anie.200390176

http://dx.doi.org/10.1126/science.1079204

http://dx.doi.org/10.1021/cm049423g

http://dx.doi.org/10.1021/cm049423g

http://dx.doi.org/10.1063/1.117916

http://dx.doi.org/10.1063/1.117916

http://dx.doi.org/10.1002/1521-3765(20001117)6:22%3C4149::AID-CHEM4149%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3765(20001117)6:22%3C4149::AID-CHEM4149%3E3.0.CO;2-P

http://dx.doi.org/10.1021/cm030543i

http://dx.doi.org/10.1021/cm030543i

http://dx.doi.org/10.1002/adfm.200600399

http://dx.doi.org/10.1021/la051538r

http://dx.doi.org/10.1038/35095031

http://dx.doi.org/10.1038/35095031

http://dx.doi.org/10.1021/la048907o

http://dx.doi.org/10.1016/j.jcis.2008.01.006

http://dx.doi.org/10.1021/nl0257521

http://dx.doi.org/10.1016/j.apsusc.2007.07.136

http://dx.doi.org/10.1016/j.apsusc.2007.07.136

http://dx.doi.org/10.1002/smll.200400157

http://dx.doi.org/10.1002/anie.200704718

http://dx.doi.org/10.1002/anie.200704718

http://dx.doi.org/10.1002/adfm.200601237

http://dx.doi.org/10.1002/adfm.200601237

http://dx.doi.org/10.1021/nl073079f

http://dx.doi.org/10.1002/adma.200400760

http://dx.doi.org/10.1016/j.tsf.2006.04.035

http://dx.doi.org/10.1021/cm034554n

http://dx.doi.org/10.1126/science.1070026

http://dx.doi.org/10.1126/science.1070026

http://dx.doi.org/10.1021/la062191a

http://dx.doi.org/10.1021/la062191a

http://dx.doi.org/10.1039/b418372j

http://dx.doi.org/10.1021/ja0674946

http://dx.doi.org/10.1021/ja0674946

http://dx.doi.org/10.1021/la063052w

http://dx.doi.org/10.1021/la048657b

http://dx.doi.org/10.1016/j.colsurfa.2007.04.085

http://dx.doi.org/10.1016/j.colsurfa.2007.04.085

http://dx.doi.org/10.1021/nl015581k

http://dx.doi.org/10.1002/ange.200453804

http://dx.doi.org/10.1002/anie.200453804

http://dx.doi.org/10.1002/anie.200453804

http://dx.doi.org/10.1039/b313261g

http://dx.doi.org/10.1039/b313261g

http://dx.doi.org/10.1002/ange.200352212

http://dx.doi.org/10.1002/ange.200352212

http://dx.doi.org/10.1002/anie.200352212

http://dx.doi.org/10.1039/b401028k

http://dx.doi.org/10.1039/b505945c

http://dx.doi.org/10.1002/asia.200800185




COMMUNICATION

DOI: 10.1002/asia.200800406

Synthesis of Alginate Oligosaccharides Containing L-Guluronic Acids
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Alginates are linear unbranched binary polymers, com-
posed of B-p-mannuronic acid (M) and its C5 epimer, o-L-
guluronic acid (G). The monomer units are covalently
linked together through (1—4)-glycosidic bonds in different
sequences -MMMM- (1), -MGMG- (2), or -GGGG- (3,
Figure 1).! These nontoxic polysaccharides can be isolated
from marine brown algae (phacophyceae) or from different
bacteria belonging to the genera Azotobacter and Pseudo-
monas.”! Bacterial alginates are additionally acetylated at
the O2 and/or O3 positions of the p-mannuronic acid resi-
dues.P! Alginates exhibit potent biological properties includ-
ing stimulation of growth factors,”¥ antitumor®™ and antiviral
activities,””) and immunomodulation through binding with
Toll-like receptors in mammalian systems.”! Their O-sulfo-
nated derivatives display anticoagulant activity.®! The G-rich
alginates can be used for encapsulation of cells and en-
zymes,! and islets of Langerhans immobilized in G-rich al-
ginates have been evaluated as a potential treatment for
type-1 diabetes.'”! Besides, alginates have gel-forming prop-
erties' and they are widely used in the food industry™”
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Figure 1. The structures of naturally occurring alginates.

and medical dressings.”¥ Since the structure-activity rela-
tionship of alginates remains unclear, procurement of chem-
ically well-defined oligomers is highly desired. To date, a
synthesis of an alginate-related trisaccharide containing all
B-mannuronic acids has been reported." In continuation
with our efforts in the applications of L-form 1,6-anhydro-
hexopyranoses to the synthesis of biologically potent oligo-
saccharides and natural products,™” we describe herein a
concise route employing 1,6-anhydro-f3-L-gulopyranoses as
key synthons to prepare alginate-related di-, tri-, and tetra-
saccharides consisting of G blocks with all al—4-linkages. A
strategy towards the synthesis of an MG disaccharide skele-
ton is also presented.

The major challenges for preparing alginate oligosacchar-
ides include the generation of L-gulopyranosyl sugars,' the
stereoselective formation of a 1,2-cis-a-glycosidic bond, and
the choice of an appropriate protecting scheme for chain
elongation as well as functional-group transformation. As il-
lustrated in Scheme 1, a retrosynthetic plan of the target
-GGGG- oligomer 3 revealed two plausible approaches, to
construct the sugar chains either “from the reducing end to
the nonreducing end” or vice versa. The first route entails
Schmidt’s glycosylation!"” of an orthogonally protected L-gu-
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from the reducing end to from the nonreducing end
the nonreducing end to the reducing end
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HO OH
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9: L-ascorbic acid

Scheme 1. Retrosynthesis of alginate oligosaccharides.

lopyranosyl trichloroacetimidate 4 (an elongation unit) with
the 4-alcohol 5 (a starting unit) to obtain a key GG disac-
charide, which could be elaborated by a regioselective O4'-
deprotection—glycosylation sequence to give the oligosac-
charides with different chain length. Conversely, by the
other approach, the O4-differentiated starting unit 6 could
be coupled with the 1,6-anhydro-f-L-gulopyranosyl 4-alcohol
7 (an elongation unit) to afford a GG disaccharide that
could be extended through consecutive opening of the 1,6-
anhydro ring followed by anomeric deprotection—coupling
iterations. A temporary protection, the 2-naphthylmethyl
group (2-NAP),!8 is needed to mask the 4-hydroxy group in
4 that can be deprotected prior to coupling cycle. In addi-
tion, the acetyl group is required to block the primary hy-
droxy group, which could be oxidized to the corresponding
carboxylic acid at the later stage. The installation of the de-
sired a-glycosidic linkage would be ascertained owing to the
anomeric effect and the nonparticipating nature of the O2-
benzyl group. The L-gulo compounds 4-7 could be synthe-
sized from a common intermediate, 1,6-anhydro-f-L-gulo-
pyranose (8), which is in turn accessible from abundantly
available L-ascorbic acid (9).

An efficient synthesis of the 1,6-anhydro-3-L-gulopyrano-
syl sugars 8 and 7 is described in Scheme 2. The L-gulonic y-
lactone 10, generated from L-ascobic acid 9 by hydrogena-
tion of the C=C bond followed by 2,3:5,6-di-O-isopropylide-
nation in two steps,””! underwent DIBAL-H reduction to
give the furanosyl lactol 11 in 97 % yield. Acidic hydrolysis
of compound 11 in a mixture of water and diglyme at 145°C
furnished 1,6-anhydro-B-L-gulopyranose 8 in 82 % yield. The
absolute configuration of 8 was determined by an X-ray dif-
fraction analysis of its single crystal.””! The reaction proba-
bly proceeds through the removal of isopropylidene groups
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Scheme 2. Reagents and conditions: a) see reference [19]; b) 1. DIBAL-
H, THF, —78°C, 40 min, 97 %; c) Dowex-50 acidic resin, H,O, diglyme,
145°C, 5h, 82%; d) 1. Me,C(OMe),, cat. CSA, RT, 20 h, 82%; 2. NaH,
2-C;,H,CH,Br, DMF, 0°C—RT, 14 h, 99%; e) 1.70% AcOH,,,, 70°C,
16 h, 99%; 2. NaH, BnBr, DMF, 0°C—RT, 2 d, 94 %; f) DDQ, CH,CL/
H,0=9:1, RT, 2h, 81%. DIBAL-H=diisobutylaluminum hydride,
CSA =camphorsulfonic acid, DDQ =2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone.

in 11 to give L-gulose in the furanosyl form 12, which equili-
brates with the pyranosyl forms 13 and 14. The intermediate
14 undergoes elimination of a water molecule under acidic
conditions at high temperature to provide the oxocarbenium
ion 15, which can be intramolecularly attacked by the C6-
hydroxy group to furnish the triol 8. Transformation of 8
into the ketal 16 was carried out through consecutive 2,3-O-
isopropylidenation (82%) and O4-etherification (99 %) in
two steps. Acid hydrolysis of 16 yielded the corresponding
2,3-diol (99%), which was di-O-benzylated to provide the
ether 17 (94%). Removal of the 2-NAP group in 17 with
DDAQ afforded the 4-alcohol 7 in 81 % yield.

With the 1,6-anhydro-3-L-gulopyranosyl synthons in hand,
we first explored the coupling of the sugar chain from the
reducing end to the nonreducing end. The synthesis of algi-
nate disaccharide skeleton 21 is depicted in Scheme 3. One-
pot Sc(OTf);-catalyzed acetolysis of compound 17 followed
by BF;-OEt,-promoted anomeric coupling with allyl alcohol
gave the P-linked product 18 and its o isomer 19 in 37 %
and 41 % yields, respectively. The structural identification of
both C1 epimers 18 and 19 was carried out through a series
of NMR spectral experiments (see the Supporting Informa-
tion). The J;, coupling constant of the former was 8.0 Hz,
whereas that of the latter was 3.4 Hz. This fact indicated
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4:R= (I%CCIS AcO | 0
BnO  oall
NH 21

Scheme 3. Reagents and conditions: a) cat. Sc(OTf);, Ac,O, 0°C, 5h,
then H,C=CHCH,OH, BF;-OEt,, 3 A M.S., —16°C, 18 h, 18: 37%, 19:
41%; b) DDQ, CH,Cl,/H,0=18:1, RT, 2 h, 78%; c) TFA, Ac,0, 0°C—
RT, 24h, 97%; d)1.NH;, MeOH/THF=1:5, 0°C, 18h, 91%;
2. CCL,CN, K,CO;, CH,CL, RT, 14 h, 89%; ¢) AgOTt, 5, CH,Cl,, —78°C,
1h, 14%. M.S. =molecular sieves, TFA =trifluoroacetic acid.

that the H1 and H2 protons of compound 18 possess a trans-
diaxial relationship. The NOESY spectrum of 18 exhibited a
through-space cross-interaction of the H1 proton with the
HS5 proton, but not with the H2 proton, confirming that the
glycosidic bond of 18 is -linked. The opposite phenomenon,
observed in the NOESY spectrum of 19, showed the stereo-
chemistry to be the o form. These spectral techniques were
used to characterize the a or f configuration of the newly
formed glycosidic bonds throughout the study. Treatment of
compound 19 with DDQ yielded the desired 4-alcohol §
(78 %), which could be applied as a glycosyl acceptor. For
the preparation of the glycosyl donor 4, three steps were
needed for the conversion from the ether 17. Treatment of
17 under acetolysis conditions afforded the 1,6-diacetate 20
in excellent yield (97 % ). Regioselective O1-deacetylation of
20 with ammonia led to the lactol (91 %), which was treated
with trichloroacetonitrile and potassium carbonate to fur-
nish the expected product 4 in 89 % yield. To our dismay,
TMSOTf-activated coupling of compound 4 with the 4-alco-
hol 5 failed to give the desired disaccharide 21, whereas
AgOTf as a promoter provided 21 in low yield (14 %), pre-
sumably owing to the steric barrier imposed by the axial 4-
hydroxy group of 5.

Alternatively, the other strategy, “from the nonreducing
end to the reducing end” using the 1,6-anhydro-B-L-gulopyr-
anose 7 as a repeating glycosyl acceptor, was further investi-
gated. In comparison with compound 5, the reactivity of the
4-hydroxy group in the rigid bicyclo[3.2.1] system of 7 is en-
hanced by conformational switching of the pyranosyl ring,
thereby changing the orientation of the 4-hydroxy group
from the axial to equatorial position.'") As summarized in
Scheme 4, benzylation of the triol 8 yielded the correspond-
ing ether 22 (96 %), which was subjected to sequential ace-
tolysis (97 %) and O1-deacetylation (96 %) to provide the 1-
alcohol 23. Trichloroacetimidation of 23 led to the donor 6
(91 %), which was coupled with the 4-alcohol 7 in the pres-
ence of TMSOTI to afford the expected a disaccharide 24
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Scheme 4. Reagents and conditions: a) NaH, BnBr, DMF, 0°C—RT,
15h, 96%; b) 1. Sc(OTf);, Ac,O, RT, 2.5h, 97%; 2. NHy,, MeOH/
THF=1:4, 0°C, 18 h, 96 %; c) CCI,CN, K,CO;, CH,Cl,, RT, 5 h, 6: 91 %,
26, 89%; d) cat. TMSOTY, 7, 4 A M.S., CH,Cl,, —86°C, 1h, 24: 70%,
24B: 17%; e) 1. TFA, Ac,0, 0°C, 16 h; 2. H,NNH,-AcOH, DMF, 0°C—
RT, 6 h, 79% in two steps; f) tBuOK, H,C=CHCH,Br, rBuOH, 0°C, 2 h,
27: 79 % . TMSOTTf = trimethylsilyl trifluoromethanesulfonate.

(Jyy=3.4Hz) and its Pisomer (J;,=8.0Hz) in 70% and
17% yields, respectively. Cleavage of the 1,6-anhydro ring
in 24 with TFA and Ac,0 followed by removal of the O1-
acetyl group with H,NNH,- HOAc gave the corresponding
lactol 25 (79 %, o/p=1:1) in two steps. Initial attempts for
allylation of the imidate 26, prepared from 25 in 89 % yield,
with allyl alcohol employing TMSOTT as the catalyst un-
fortunately provided the desired a form compound 27 (8%,
J1,=3.8 Hz) in a low yield along with the major f§ isomer 28
(68%). In sharp contrast, coupling of the 1-alcohol 25 with
allyl bromide via Williamson etherification using potassium
tert-butoxide as a base furnished the o-linked molecule 27
(79 %) as a single product. It should be noted that the acetyl
groups remained unaffected under these basic conditions.
The high stereoselectivity is perhaps induced by the chela-
tion effect of potassium cation with Cl-alkoxide and the
lone-pair electrons of O2, preferring the 1,2-cis configura-
tion.?"

Scheme 5 delineates the chain elongation of the GG di-
saccharide and deprotection sequences to obtain alginate
oligosaccharides. TMSOTf-catalyzed coupling of the imidate
donor 26 with the 4-alcohol 7 afforded the a-linked trisac-
charide 29 (78 %, J;,=3.3 Hz) exclusively. Acetolysis of 29
followed by anomeric deacetylation led to the trisaccharide
hemiacetal 30 (72% overall yield in two steps), which was
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Scheme 5. Reagents and conditions: a)cat. TMSOTf, 7, 4 A M.S.,
CH,Cl,, —86°C, 3h, 29: 78%, 33: 68%; b) 1. TFA, Ac,O, 0°C, 16 h;
2. H,NNH,-AcOH, DMF, 0°C—RT, 6 h, 30: 72%, 34: 66 % in two steps;
¢) tBuOK, H,C=CHCH,Br, rBuOH, 0°C—RT, 2 h, 31: 74%, 35: 71 %;
d) CCL,CN, K,CO;, CH,Cl,, RT , 36 h, 89%; ¢) 1. NaOMe, MeOH, RT,
2 h; 2. TEMPO, BAIB, CH,Cl,/H,0=2:1, RT, 1h, 36: 86%; 37: 67%;
38: 51% in two steps; f) H,, 10% Pd/C, MeOH/H,0/AcOH=7:3:1, RT,
12 h, 39: 99%; 40: 97 %; 41: 93 %. TEMPO =2,2,6,6-tetra-methyl-1-piper-
idinyloxy free radical, BAIB = bis-acetyloxyiodobenzene.

similarly O-allylated to yield the single a-linked derivative
31 (74%, J,,=3.5Hz). Likewise, a five-step reiteration
starting from the 1-alcohol 30 through the imidate formation
(32, 89%), sugar coupling (33, 68%, J,,=1.0Hz, a sole
isomer), 1,6-anhydro ring opening, Ol-deacetylation (34,
66% in two steps), and Ol-allylation (71 %) provided the
expected single tetrasaccharide 35 (J,,=3.7 Hz) with all a-
glycosidic bonds. Cleavage of the acetyl groups in com-
pounds 27, 31, and 35 gave the individual primary alcohols,
which underwent TEMPO oxidation® to furnish the corre-
sponding carboxylic acids 36-38"*") in 86 %, 67%, and 51 %
yields (in two steps), respectively. Global deprotection
under hydrogenolysis conditions followed by purification on
a Sephadex G25 column afforded the target molecules 39—
41 in 99 %, 97 %, and 93 % yields, respectively.

The synthesis of a key MG-alginate disaccharide building
block is illustrated in Scheme 6. Regioselective one-pot pro-
tection of the per-O-trimethylsilylated thioglucoside 42 by
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Scheme 6. Reagents and conditions: a) cat. TMSOTf, PhCHO, 3 AMS.,
CH,Cl,, —86°C, 2 h, then Et;SiH, —86°C, 5 h, then Ac,0, —86°C—0°C,
overnight, 78 % overall yield; b) 7, DMTST, CH,Cl,, 3A MS., 0°C,
11.5h, 84%; c) NaOMe, MeOH, RT, 12h, 94%; d) 1. Tf,O, pyridine,
0°C—RT, 8h, 89%; 2. NaNO,, [15]crown-5, HMPA, RT, 18 h, 62%.
TBAF =tetra-n-butylammonium fluoride, DMTST = dimethyl(thiome-
thyl)sulfonium trifluoromethanesulfonate, Tf,O = trifluoromethanesulfon-
ic anhydride.

tandem 4,6-O-benzylidenation, 3-O-benzylation, and 2-O-
acetylation furnished the glycosyl donor 43 in 78 % yield.”*
DMTST-promoted coupling of 43 with the 4-alcohol 7 clean-
ly afforded the B-form disaccharide 44 (84 %, J,,=7.8 Hz),
which was subjected to deacetylation to give the 2'-alcohol
45 in 94% yield. A two-step inversion of compound 45
through triflation (89%) followed by Sy2 substitution with
sodium nitrite (62 %) was carried out to obtain the -man-
noside 46 as a single isomer.

In summary, we have developed a facile synthesis of 1,6-
anhydro-f3-L-gulopyranoses and applied these synthons to
prepare the G-linked alginate oligosaccharides 39-41 in ex-
cellent o selectivity by assembly of sugar chain from the
nonreducing end to the reducing end. Using the same glyco-
syl acceptor, a concise strategy for synthesizing the MG-
linked disaccharide 46 is also established. This key disac-
charide is fully equipped with appropriate protecting groups
for chain elongation and final functional-group transforma-
tion that can lead to the -MGMG- series of alginate oligo-
mers.
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Abstract: In order to study the electronic interactions in donor—acceptor ensem-
bles as a function of pH, an efficient synthetic route to three imidazole-annulated

tetrathiafulvalene (TTF) derivatives 1-3 is reported. Their electronic absorption
spectra, in view of photoinduced intramolecular charge transfer, and their electro-
chemical behavior were investigated, and pK, values for the two protonation pro-

Keywords: charge transfer - donor-
acceptor systems - sensors - tetra-
thiafulvalene - UV/Vis spectroscopy

cesses on the acceptor unit were determined in organic solvents by photometric ti-
tration. The influence of the TTF moiety on these values is discussed.

Introduction

Electrochemically amphoteric compounds are of current in-
terest owing to their potential applications in molecular
electronics and optoelectronics, whereby organic compounds
possessing a high degree of conjugation are particularly in-
teresting for advanced electronic applications.! Accordingly,
efforts have been directed to the design and synthesis of
molecular systems composed of building blocks that give
rise to electron donor (D) and acceptor (A) interactions.
Amongst all kinds of molecular electron donor moieties, tet-
rathiafulvalene (TTF) and its derivatives are known to be
strong m-donors capable of forming persistent cation radical
and dication species upon oxidation, thus leading to a
number of conducting and superconducting materials.”! In
this context, the effective intermolecular orbital overlap in
n-stacked assemblies is highly sensitive to chemical modifi-
cations of the TTF framework and this plays a crucial role
in the electronic conductivity. Thus, in order to achieve a
highly ordered molecular organization in charge-transfer
(CT) salts, the self-assembling ability and the dimensionality
of the electronic structure has been enhanced primarily by
chalcogen—chalcogen interactions™™ and halogen or hydrogen
bonds.”! Notably, amongst them, TTF—imidazole systems
exhibit unprecedented electronic and structural modulation
effects of hydrogen bonds giving rise to a number of highly
conductive CT complexes with various acceptors.”!

With respect to covalently linked D-A ensembles, impor-
tant variables, besides the nature of the donor and acceptor
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components, are their relative distance, orientation, and the
degree of electronic coupling between them. Normally, the
D and A components are held together by m-spacers such as
oligo(phenylene ethynylene), oligo(phenylene vinylene), oli-
gothiophene, or o-spacers of variable length and flexibility.®
Alternatively, only a few examples of annulated TTF-m-ac-
ceptor systems have been reported in the literature so far,
for example, TTF-diquinones.” For a current overview of
D-A ensembles the reader may consult the recent review by
Waudl et al.®¥

Along this line, we recently introduced a synthetic con-
cept for the annulation of TTF derivatives to a variety of ac-
ceptor moieties and reported synthetic routes to intimately
fused and rigid D—n—A ensembles, as exemplified by com-
pounds with i) four TTF moieties fused to phthalocyanine
cores;! ii) three TTF moieties fused to a hexaazatripheny-
lene core;!'"! iii) one TTF annulated with dipyrido-[3,2-
a:2'3'-c]phenazine;"" and iv) one TTF coupled to N,N'-phe-
nylenebis(salicylideneimine)."? In all these examples a main
principle emerges, namely the molecular D-A systems are
tailored into planar configurations exhibiting defined sym-
metries which provides a defined geometrical control. They
are also specifically designed for chelation of various metal
ions.">"¥ As a continuation of our ongoing studies, we pres-
ent here an efficient synthetic route to further organic -
conjugated D-A molecules which contain the TTF unit as a
donor and an N,N-diimine chelating ligand—in form of 2-(2-
pyridyl)benzimidazole (PB), 2-(2-quinolinyl)benzimidazole
(QB), or its derivative 2-(6-methoxy-2-quinolinyl)benzimi-
dazole (MQB)—as an acceptor (1-3, Figure 1).

The general interest in imidazole compounds stems from
their specific structural features and biological activity," in-
cluding anti-ulcer, anti-tumour, and anti-viral effects. The
heterocyclic aromatic compounds reveal strong and direc-
tional hydrogen bond interactions, and act as Bronsted acids
and bases. They thus play an important role as a relay for

H
N N s S-S .
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— N s $T g N
H
N N S S-S
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LD
— N S S S/\/

Figure 1. Structures of the D-A molecules 1-3.
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proton transfer (PT) processes, which are among the most
extensively studied chemical processes, owing to their im-
portance in nature.™! As a consequence, imidazole deriva-
tives have attracted much attention in fields such as crystal
engineering,'®! molecule-based magnets,'”! molecular con-
ductors,'® and fluorescence sensors.!'”)

A primary feature of compounds 1-3 is that a range of
functionalities on the acceptor part is combined in close and
controlled proximity with the fused TTF donor part. For the
former, the aromatic imidazole, with its pyridine- and pyr-
role-like N atoms, introduces an amphoteric character as a
moderately strong base and a weak acid, and the linked pyr-
idine or quinoline adds another basic N atom. Moreover,
the resulting N"N chelating site makes these molecules at-
tractive ligands for complexation to various metal ions. As a
most striking feature, discussed in detail below, the annulat-
ed TTF donor shows a photoinduced intramolecular charge-
transfer (ICT) transition in its absorption spectrum, which is
sensitive to the different protonation states on the acceptor
site.

In this article, we describe the synthesis of three TTF-PB/
QB/MQB molecules (1-3) and the single-crystal X-ray
structure for 1. In addition, the results of an electrochemical
and a photophysical investigation at various pH values are
discussed.

Results and Discussion
As outlined in Scheme 1, the target compounds 1-3 were

obtained by the direct condensation reaction of the corre-
sponding aldehydes with 5,6-diamino-2-(4,5-bis(propylthio)-

1,4-dioxane

H2 D: :[S/\/ or nitrobenzene
H
LSS
R—\ — I
N s sThg

Scheme 1. A synthetic route to D-A molecules 1-3.

1 R = 2-pyridyl
2 R = 2-quinolinyl
3 R = 6-methoxy-2-quinolinyl

1,3-dithio-2-ylidene)-benzo [d]-
1,3-dithiole  in  acceptable
yields. All compounds were
easily purified by flash chro-
matography on SiO, and have
been fully characterized by
NMR, EI mass spectrometry,
and elemental analysis.

Orange needle-shaped single
crystals of 1 suitable for X-ray
analysis were obtained by slow
evaporation of its solution in
CH;CN. The molecule 1 crys-

tallizes in a monoclinic space  (dashed lines).
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group (C2/c) and an ORTEP drawing of the molecule with
the atomic numbering scheme is shown in Figure 2. Appa-
rently, this compound adopts a non-planar conformation

Figure 2. ORTEP drawing and atomic numbering Scheme of the mole-
cule 1 with thermal ellipsoids at 50 % probability level. Hydrogen atoms,
except for the one on the imidazole ring, have been omitted for clarity.
Front and side views are presented.

along its long molecular axis, and specifically the TTF
moiety shows a boat conformation, folding along the S1---S4
and S2--S3 vectors by 28.9(1)° and 18.24(1)°, respectively. In
contrast to the TTF part, all atoms of the PB unit lie almost
perfectly within a plane; the rms deviation from a least-
squares plane through all involved atoms of PB is 0.01 A.
Notice, that the nitrogen atoms N1 and N3 are situated in a
trans orientation within the solid state structure. The bond
distances within the TTF and PB moieties are in the expect-
ed ranges in comparison with those of similar compounds in
the literature.”*?2!l Figure 3 highlights the alternating ar-
rangement of the molecules in the crystal structure. A no-
ticeable feature is the head-to-tail alignment caused by 7
stacking between the PB moieties to afford dimers, which
are, in addition, linked parallel to each other by N—H--N
hydrogen bonds and short S-S contacts.

Figure 3. Crystal packing of 1 showing hydrogen bonds (N—H--N, 2.960 A) and close S-S contacts of 3.536 A

Chem. Asian J. 2009, 4, 392—-399
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The electrochemical properties of the m-conjugates 1-3
were investigated by cyclic voltammetry (CV) in dichloro-
methane. All of them show two reversible single-electron
oxidation waves typical of the TTF system, corresponding to
E,;,' and E,,* in Table 1. Obviously, the presence of the dif-

Table 1. Redox Potentials (V vs Ag/AgCl) of 1-3 in CH,CL,.

CHEMISTRY
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three redox species, 1 (E;,'=0.54V, E;,>’=0.94 V) and two
protonated ones, that is, [I'tH*] (E,;,' =0.63 V, E;,>=0.98 V)
and [12H™] (E;,'=0.67 V, E;,>=0.93 V), which can be de-
scribed with the equilibrium processes shown in Scheme 2.
It is noteworthy that at particular potentials, constant cur-

rents upon addition of HCI are

observed, similar to isosbestic

points in optical spectroscopy.

E 1 1.-H* 12H* 2 2-HY 22H* 3 3-H* 32H* e . 5

] [ ] [ ] [ ] [ ] [ ] [ ] This is indicative of a concomi-
El/zz 0.54 0.63 0.67 0.53 0.61 0.68 0.52 0.60 0.68 tant appearance of the corre-
E, 0.94 0.98 0.93 0.95 0.99 0.95 0.94 0.98 0.90

ferent substituents at the 2-position of the imidazole ring
has a negligible influence on the electron-donating ability of
TTF. Remarkably, with successive addition of HCI to 1-3,
both redox processes of the TTF unit are clearly shifted sug-
gesting the occurrence of two new redox species. Taking 1 as
an example (Figure 4),”” both oxidation potentials are, at

25 4
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Figure 4. Cyclic voltammogram of compound 1 (10°m) in the presence
of increasing amounts of HCI; CH,Cl,; Bu,NPF, (0.1m); 100 mVs™'; Pt
working electrode. V vs Ag/AgCl.

first, substantially positively shifted upon the addition of a
small amount of HCI, until, upon the addition of 3 equiva-
lents of HCI, the original E,' wave completely disappears
and only two reversible redox waves remain at 0.63 and
0.98 V. The large potential shifts correspond to a decrease in
the m-donating ability of the TTF unit arising from the pro-
tonation of the imidazole ring in close proximity to the TTF
core. Interestingly, a large excess of HCI leads to a further
positive shift of E;," but to a negative shift of E,,?, which is
now almost at the same potential as that of the unprotonat-
ed 1. This observation might be attributed to both the oc-
currence of proton dissociation when the TTF unit under-
goes the second oxidation, as shown in the box in Scheme 2,
and the significant change in the electrolytic medium caused
by the presence of a large excess of HCI. It can therefore be
deduced that there is a strongly dynamical difference in the
proton dissociation and redox processes, as reported in the
literature.”” All these results indicate the coexistence of

Chem. Asian J. 2009, 4, 392-399
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sponding protonated species at
the expense of 1. These obser-

Electron transfer
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Scheme 2. Equilibrium reactions during the electrochemical titration of 1
with H*.

vations are in good agreement with the results from UV/Vis
spectroscopy measurements. Moreover, as shown with the
curve (crossed triangle) in Figure 4, the current increases ap-
preciably around 1.1 V, while it decreases around 0 V. When
measurements under identical conditions from —1.7 to 1.7 V
were performed, one irreversible anodic peak at 1.2V and
one irreversible broad cathodic peak at —0.3 V appeared.
We expect that these irreversible redox processes occur at
the pyridine functional group. Such phenomena are also ob-
served in analogous TTF compounds, but have not been dis-
cussed in detail.®

It must also be mentioned that in the negative direction,
there are no redox waves observed with successive addition
of HCI within the accessible potential window. These find-
ings match well with the large gap between the oxidation
and reduction waves estimated from the energy of the ICT
band (Table 2).

Table 2. Maxima of the ICT absorption bands for 1-3 and their protonat-
ed forms in CH,Cl,.

Compound Absorption [nm] Absorption [cm™'] e[M'em™
1 397 25189 14800
[1-H*] 468 21368 9800
[12H"] 593 16863 6400

2 421 23753 15500
[2-H'] 564 17730 12000
[22HY] 691 14472 9600

3 412 24272 20900
[3-H'] 544 18382 13000
[3-2H7] 655 15267 10600
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The absorption spectra of 1-3 dissolved in CH,Cl, are
presented in Figure 5. They show two domains of broad and
intense absorption bands centered around 24000 and

L L L L L L

20000 25000 30000 35000
viem'——»

Figure 5. Absorption spectra of 1 (dashed line), 2 (gray line), and 3
(black line) in CH,Cl, at room temperature.

30000 cm™!, respectively. The absorption bands centered at
25189 cm™! (397 nm), 23753 cm™! (421 nm), and 24272 cm™!
(412 nm), respectively for 1-3, result from an ICT transition
from the TTF unit to the substituted benzimidazole moiet-
ies. In the UV region, strong absorption bands are character-
istic for m—m* transitions located on both, the TTF and the
substituted benzimidazole subunits.

In order to arrive at a deeper understanding of the fused
D-A molecules 1-3, the protonation characteristics of each
compound were experimentally investigated in CH,Cl, solu-
tion. The molecules have two protonation sites each,
namely, the benzimidazole nitrogen (N1) and the nitrogen
on the pyridine (N3) or on the quinoline, respectively. It has
already been demonstrated experimentally and theoretically
that a benzimidazole nitrogen has a higher proton affinity
than that of pyridine.””! It was on this basis that UV/Vis ti-
tration experiments were carried out in order to determine
the specific pK, values of molecules 1-3.

The UV/Vis spectra of 1 dissolved in CH,Cl,, taken as a
function of pH, that is, with successive addition of HCI
equivalents, are depicted in Figure 6. From 0 to 3 equiva-
lents of HCI, for an initial concentration of 1075 of 1, the
broad absorption band at 25189 cm™! gradually disappears
and a new absorption band at 21368 cm~' emerges. From 3
to 300 equivalents, this new band decreases in intensity and
a third absorption band concomitantly appears at
16863 cm™'. A remarkable feature is the occurrence of two
quite well defined isosbestic points, at 23000 cm ™' for up to
3 equivalents added, and at approximately 18400 cm™
above 3 equivalents. This indicates the presence of three
species in two comparatively well separated chemical equili-
bria, namely compound 1 and the two protonated species
[1'H*] and [122H™] as shown in Scheme 2. Compounds 2
and 3 show very similar behavior. The corresponding full
spectra are given in Figures 83 and S4 of the Supporting In-
formation, the absorption maxima of the species in the neu-
tral and protonated forms are reported in Table 2.
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Figure 6. Absorption spectra (top) of 1 in CH,Cl, at room temperature as
a function of molar equivalents of HCl added in comparison with the
simulation spectra (bottom) at a total concentration of 1 of 107> m.

In accordance with the absorption spectra, the color of
the solution changes reversibly between yellow, orange, and
blue during the acid/base titration. Apparently, protonation
of the two nitrogen atoms of the PB unit reduces the elec-
tron density on the aromatic ring system successively, there-
by lowering the energy of the LUMO and increasing its ac-
ceptor properties. As a result, the corresponding spectro-
scopic TTF—PB ICT transition moves to lower energies in
two distinct steps of approximately 4000 and 4500 cm ™', re-
spectively. The first step corresponds to the protonation of
the imidazole nitrogen, the second step to the protonation
of the pyridine nitrogen.

The spectra in Figure 6 can be analyzed quantitatively ac-
cording to the acid-base equilibria shown in Scheme 2. A
factor analysis and single value decomposition®! on the ex-
perimental data supports the assumption of three species in
chemical equilibrium, and a least squares fit using the pro-
gram SPECFIT 3®) results in the pK, values for the two
protonation steps given in Table 3. The resulting individual

Table 3. Experimental pK, values for 1-3 and the reference compound 2-
(2-pyridyl)benzimidazole (PB) in CH,Cl,.

pK, PB 1 2 3
PKa 45(1) 5.5(1) 52(1) 4.9(1)
PKo 32(1) 3.1(1) 3.4(1) 3.6(1)

spectra of the three species are included in Figure 6. Figur-
es 7a and b show the experimental evolution of the concen-
tration of the three species as a function of HCIl added to
the solution for the two protonation steps, as well as the re-
sulting best fit from the single value decomposition. The
spectra of compounds 2 and 3 were treated in the same way,
the corresponding pK, values are likewise given in Table 3
and the results of the single value decomposition are shown
in Figures S5 and S6 of the Supporting Information.

In the literature, experimental pK, values in non-aqueous
solvents are quite rare. In aqueous solutions, the values of
pK. and pK,, for the reference compound PB are given as
4.41 and —1.59, respectively.””™ In order to compare the
values of the TTF annulated compounds in CH,Cl, with the

Chem. Asian J. 2009, 4, 392—-399
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Figure 7. Experimental (symbols) and calculated (full lines) titration
curves. For the calculated curves the pK, values of Table 3 were used:
a) first step, 1 (m) and [1-H*] (), b) second step [1-H*] (&) and [1-2H*]
(@) in CH,Cl, at room temperature and a total concentration of 1 of
10°m.

ones for the compounds without TTF, titration curves were
also determined for PB in CH,Cl,. Figure 8 shows the exper-
imental curves for an initial PB concentration of 10™*m to-
gether with the best fit from the single value decomposition
of the optical spectra (see Figure S7 in the Supporting Infor-
mation) recorded as a function of equivalents of HCI added.
The corresponding pK, values are included in Table 3.
Whereas pK,, has a value close to the one found in aqueous
solution, the pK,, value of 3.2 shows that the proton on pyri-
dine is much less acidic in CH,Cl, than in aqueous solution.

In comparison to PB, compounds 1-3 show no significant
increase in pK,,, that is, for the protonation of N3 (pyri-
dine). In contrast, they show an increase of one unit for
pK,;, that is, for the protonation of N1 (benzimidazole).
Qualitatively this can be understood as arising from the
electron donating properties of the TTF unit, which results
in a higher electron density on the PB unit as compared to
the compound without TTF, and therefore the pK,, values
increase substantially. As expected this effect is restricted to
N1, that is, the nitrogen atom on the ring system directly
fused to the TTF unit.

Conclusions
In conclusion, three imidazole-annulated TTF derivatives 1-

3 have been prepared and fully characterized, and the influ-
ence of the TTF unit on the pK, values of the acceptor units
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Figure 8. Experimental (symbols) and calculated (full lines) titration
curves. For the calculated curves the pK, values of Table 3 were used:
a) first step, PB (m) and [PB-H*] (), b) second step [PB-H*] (o) and
[PB-2H*] (@) in CH,Cl, at room temperature and of total concentration
of PB of 107*m.

as determined by photometric titration has been discussed.
The novel feature of these D-A molecules is that they con-
tain a PB ancillary functionality, which has been incorporat-
ed with the following specific roles in mind: i) The presence
of three nitrogen atoms as proton donor/acceptors renders
them promising in the field of chemosensors. ii) Direct annu-
lation of PB to the TTF core is expected to enhance cooper-
ativity between CT on TTF and PT at hydrogen bonding
sites on PB moieties in the resulting simultaneous CT and
PT complexes. iii) The excellent chelating ability of the PB
unit should provide opportunities for the complexation of a
wide range of transition metals to the donor system giving
rise to diverse structural chemistry and appealing photophy-
sics. The results reported here are part of an initial explora-
tory study of their potential to generate a range of well-de-
fined coordination networks as well as to produce the simul-
taneous CT and PT complexes. Currently, we are engaged in
an investigation on the ability to bind transition metal ions
and to form CT complexes and ion radical salts of these
promising new donors.

Experimental Section

General

Melting points were determined using a Biichi 510 instrument and are
uncorrected. Elemental analyses were performed on a Carlo Erba Instru-
ments EA 1110 Elemental Analyzer CHN. 'H and “C NMR spectra were
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obtained using a Bruker AC 300 spectrometer operating at 300.18 and
75.5 MHz, respectively: chemical shifts are reported in ppm referenced
to residual solvent protons ([D¢]DMSO). The following abbreviations
were used: s (singlet), d (doublet), t (triplet), br (broad), and m (multip-
let). Infrared spectra were recorded on a Perkin-Elmer Spectrum One
FT-IR spectrometer using KBr pellets. EI Mass spectra were recorded
using an Auto SpecQ spectrometer. Cyclic voltammetry was conducted
on a VA-Stand 663 electrochemical analyzer. An Ag/AgCl electrode con-
taining 2m LiCl (in ethanol) served as reference electrode, a glassy
carbon electrode as counter electrode, and a Pt wire as working elec-
trode. Cyclic voltammetric measurements were performed at room tem-
perature under N, in CH,Cl, with 0.1 M Bu,NPF; as supporting electrolyte

at a scan rate of 100 mVs™'.

Photophysical Measurements

Photophysical measurements were performed on solutions of the com-
pounds 1-3 and the reference compound PB in CH,Cl, at room tempera-
ture. Unless otherwise stated, the concentration was 107> M. Absorption
spectra were recorded on a Varian Cary 5000 UV/Vis/NIR spectropho-
tometer. Photometric titrations were performed by recording full absorp-
tion spectra as a function of equivalents of HCI added to dissolve in di-
ethyl ether (107m). Dilution effects were taken into account in evaluat-
ing the spectra. Data analysis was performed using the commercial soft-
ware SPECFIT/32) in order to identify the number of species by factor
analysis and to follow the evolution of the species as a function of HCI
added by single value decomposition®®! on the basis of the acid-base
equilibria of Scheme 2. The least-squares fitting procedure yields the two
pK, values and the spectra of the individual species.

Materials

Unless otherwise stated, all reagents were purchased from commercial
sources and used without additional purification. 5,6-Diamino-2-(4,5-bis-
(propylthio)-1,3-dithio-2-ylidene)-benzo[d]-1,3-dithiole was prepared ac-
cording to literature procedures.!""!"!

Synthesis

1: Pyridinecarboxaldehyde (0.1 mL, 1 mmol) was added to a solution of
5,6-diamino-2-(4,5-bis(propylthio)-1,3-dithio-2-ylidene)-benzo[d]-1,3-di-
thiole (0.43 g, 1 mmol) in cold 1,4-dioxane (50 mL). The mixture was
open to air and stirred for 24 h. The solvent was evaporated in vacuum
and the resulting crude product was purified by chromatography on silica
gel with CH,Cl,/ethylacetate (2:1) to obtain 1 (0.145 g, 0.28 mmol, 28 %)
as a light-orange solid. M.p.: 145-147°C; '"H NMR: 6=0.96 (t, 6H), 1.59
(m, 4H), 2.86 (t, 4H), 7.53 (m, 1H), 7.66 (s, 1H), 7.88 (s, 1H), 8.00 (m,
1H), 8.29 (m, 1H), 8.73 (m, 1H), 13.24 ppm (s, 1 H); *C NMR: 6 =12.69,
22.58, 37.36, 79.11, 108.31, 112.65, 121.45, 124.84, 126.86, 137.54, 147.94,
149.39, 151.66 ppm; IR (KBr) #=3431, 2959, 1627, 1596, 1444, 1392,
1088, 882, 791 cm™'; MS(EI): m/z (%): 519 (45) [M*]; elemental analysis:
caled (%) for C,H,N5S¢: C50.83, H 4.07, N 8.08; found: C 51.12, H 4.16,
N 7.42. Single crystals were obtained by slowly cooling a hot actetonitrile
solution of 1.

General procedure for 2-3: A solution of the corresponding aldehyde
(0.1 mmol) and 5,6-diamino-2-(4,5-bis(propylthio)-1,3-dithio-2-ylidene)-
benzo[d]-1,3-dithiole (0.04 g, 0.1 mmol) in nitrobenzene (10 mL) was
heated up to 160°C for 20 h. The solvent was evaporated in vacuum and
the resulting crude product was purified by chromatography on silica gel
with CH,Cl,/ethylacetate (2:1) to obtain an analytically pure product.

2: Yield: 0.02 g (40%), orange solid. M.p.: 208-210°C; 'H NMR: 6 =0.96
(t, 6H), 1.59 (m, 4H), 2.86 (t, 4H), 7.68 (m, 1H), 7.73 (s, 1H), 7.86 (m,
1H), 7.94 (s, 1H), 8.05 (m, 1H), 8.13 (m, 1H), 8.40 (d, 1H), 8.53 (d, 1H),
1334 ppm (s, 1H); "CNMR: 0=12.72, 22.63, 37.40, 106.03, 108.51,
112.60, 113.11, 119.13, 126.85, 126.92, 127.37, 128.08, 128.21, 128.69,
129.40, 130.50, 130.95, 134.48, 137.43, 143.35, 147.16, 148.16, 151.63 ppm;
IR (KBr) #=3431, 2959, 1611, 1538, 1450, 1314, 1084, 852 cm '; MS(EI):
miz (%): 569 (40) [M*]; elemental analysis: calcd (%) for CyHyN;Se:
C54.80, H 4.07, N 7.37; found: C 54.99, H 4.12, N 6.83.

3: Yield: 0.02 g (38 %), yellow solid. M.p.: 235-237°C; 'H NMR: 6 =0.96
(t, 6H), 1.60 (m, 4H), 2.86 (t, 4H), 3.94 (s, 3H) 7.47 (m, 2H), 7.80 (s,
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2H), 8.03 (d, 1H), 8.37 (m, 2H), 12.68 ppm (b, 1H); *C NMR: 6 =12.72,
22.61, 37.39, 55.65, 106.06, 108.34, 112.72, 119.43, 122.94, 126.88, 129.40,
129.74, 130.19, 136.03, 143.13, 145.83, 152.00, 157.95 ppm; IR (KBr) 7=
3435, 2961, 1622, 1611, 1600, 1504, 1394, 1377, 1241, 833 cm™'; MS(EI):
miz (%): 599 (40) [M™*]; elemental analysis: caled (%) for Cy;H,sN;0Sg:
C 54.06, H 4.02, N 7.00; found: C 54.33, H 4.24, N 6.67.

Crystallography

An orange crystal of compound 1 was mounted on a Stoe Mark II-Imag-
ing Plate Diffractometer System (Stoe & Cie, 2002) equipped with a
graphite-monochromator. Data collection was performed at —100°C
using Moy, radiation (4=0.71073 A). 245 exposures (4 min per exposure)
were obtained at an image plate distance of 100 mm, 180 frames with ¢=
0° and 0°<w <180° and 65 frames with ¢=90° and 0°<w <97°, with
the crystal oscillating through 1° in . The resolution was: D, ;,—D
0.72-17.78 A. The structure was solved by direct methods using the pro-
gram SHELXS-97°" and refined by full matrix least squares on F* with
SHELXL-97." The NH hydrogen atom was derived from Fourier differ-
ence maps and refined while the remaining hydrogen atoms were includ-
ed in calculated positions and treated as riding atoms using SHELXL-97
default parameters. All non-hydrogen atoms were refined anisotropically.
No absorption correction was applied.

Crystal data for 1: C,,H,N;S;, M=519.78, 0.45%0.20x0.15 mm?, mono-
clinic, space group C2/c, a=40.925(3), b=7.4182(4), c=15.3202(11) A,
B=100.778(6)°, V=4569.0(6) A>, Z=8, puu=1511gem>, u=
0.616 mm™', T=173(2) K, F(000) =2160, 29100 reflections collected, 6183
unique (R;,,=0.0891). Final GOF=1.029, R, =0.0564, wR,=0.1465, R in-
dices based on 4693 reflections with />20([), 287 parameters, 0 re-
straints. CCDC 699063 contains the supplementary crystallographic data
for 1. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif

max —
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Magneto-Structural Correlations in a 1,3,2-Dithiazolyl Radical Crystal,
BBDTA-GaBr,: Structure and Magnetic Properties of its Three Polymorphs

Wataru Fujita* and Koichi Kikuchi!®

Abstract: We investigate the prepara-
tion, crystal growth, crystal structure,
and magnetic properties of the three
polymorphs (a, B, and y) of an organic
magnet, BBDTA(=benzo[1,2-d:4,5-d']
bis[1,3,2]dithiazole)-GaBr,, which is an
S-1/2 system. In the a phase, BBDTA™
units form a square-planar lattice, and
show canted antiferromagnetism with a
magnetic coupling constant J/kg of

Dedicated to the late Professor Kazuhiko Seki

below 15.5 K. The (3 phase is composed
of a ferromagnetic regular chain with a
Jlkg value of +4.5 K and a strong anti-
ferromagnetic chain with J/kg=-99 K,
and shows ferromagnetic ordering in

Keywords: crystal growth
magnetic properties molecule-
based magnets - phase transitions -
radicals

spins of purely the ferromagnetic chain
below 0.4 K. The vy phase is isostructur-
al with y-BBDTA-GaCl,, which is an
organic ferromagnet below 7.0 K, and
possesses  antiferromagnetic  inter-
actions of Jkg=—60K between
BBDTA™ cations, and shows no mag-
netic ordering until 2 K. The magnetic
properties of these phases are quite
sensitive to the molecular alignment in

—18 K and a canting angle of 0.15°

Introduction

Cyclic thiazyl radicals exhibit strong intermolecular interac-
tions by the characteristic SN and/or S-S contacts be-
tween the molecules and easily form multi-dimensional net-
works in their solid state.!!! Such properties as magnetic or-
dering,” room-temperature magnetic bistability,”! photoin-
duced phase transition,*! metallic conduction,” and negative
resistancel® have been identified in these materials, which
makes them highly attractive as building blocks of molecule-
based magnetic materials.”’ Recently, Oakley and co-work-
ers found ferromagnetic ordering at 12.3 K and 17 K, and
weak ferromagnetism below 18 K and 27 K in bis-selena/
thiazolyl radicals.®! These transition temperatures are very
much higher than those typically observed for other organ-
ic-radical-based magnetic materials.

We focus on the monocationic dithiazolyl radical (S=1/2)
of benzo[l,2-d:4,5-d’]bis[1,3,2]dithiazole (BBDTA), whose
molecular structure is presented in Scheme 1. Wolmershaus-
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the crystals.

er et al. were the first to report the crystal structure and *’Fe
Mossbauer spectra of the radical cation salt BBDTA-
FeCl,-CH,CN."l In this material, BBDTA® formed a face-

Scheme 1. BBDTA™ radical cation.

to-face dimer structure, accompanied by two solvent mole-
cules of CH;CN, and antiferromagnetic ordering was ob-
served for only the FeCl,~ magnetic moments below 6.6 K.
We have systematically investigated the crystal structure
and magnetic properties of BBDTA cation radical salts with
various counter anions in search of new magnetic materials
with a higher magnetic transition temperature. Recently, we
have found ferromagnetic ordering in the salts y-BBDTA-
GaCl, and BBDTA-FeCl, below 7.0 K and 44.5 K, respec-
tively.'” In InX, (X=Cl, Br) derivatives, a one-dimensional
coordination polymer structure was formed, and the spin
Peierls transition occurred at 108 K and 250 K, respective-
ly."™ Thus, these cationic salts show various crystal struc-
tures and magnetic phase transitions at relatively higher
temperatures.

Chem. Asian J. 2009, 4, 400-405
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In the present study, we focus on the gallium bromide de-
rivative BBDTAGaBr,. This salt has three polymorphs: a, {3,
and vy. Although we have briefly reported the ferromagnetic
phase transition of the 3 phase in the ultralow temperature
region, herein we describe in detail the preparation, isola-
tion, crystal structure, and magnetic properties of the three
polymorphs of this salt.

Results and Discussion
Crystal Structure

We obtained three polymorphs of BBDTA-GaBr, (o, {3, and
v) by slow cooling or layering methods from the appropriate
solutions. The structures of the resulting crystals were deter-
mined by using X-ray crystallographic analysis. The details
are described in the Experimental Section. The crystallo-
graphic data are summarized in Table 1.

Table 1. Crystallographic data for the three polymorphs of BBDTA--
GaBry,.

o p Y
Crystal system orthorhombic monoclinic monoclinic
Space group Pnma P2,/c C2lc
a[A] 10.000(6) 8.075(4) 11.680(6)
b[A] 16.528(9) 13.865(7) 10.944(8)
c[A] 9.087(5) 13.612(7) 13.474(7)
B°] 90 95.596(2) 114.076(4)
VIAY] 1501.90(15) 1516.73(13) 1572.5(2)
zZ 4 4 4
R, 0.0445 0.0638 0.0510
wR, 0.1056 0.1429 0.1149

The o phase: Figure 1 shows the crystal structure of the a
phase, which is assigned to an orthorhombic Pnma space
group with half of the molecule crystallographically asym-
metric. This crystal is comprised of a stack of alternating
BBDTA™ cation-assembled layers and GaBr, anion layers,
as shown in Figure la. Figure 1b depicts the molecular
alignment of BBDTA™ in the layer. BBDTA* did not form
a dimer or m-stacking columnar structure, but a square-
planar lattice by the intermolecular S--C interatomic con-
tacts of 3.411 (6) A and 3.417 (6) A, shown as broken lines.
Figure 1c presents a space-filling model of the cation layer.
The marked sphere corresponds to bromide atoms of the
GaBr,” counter anion. Each bromide atom was surrounded
by four BBDTA™ cations. It seems that the molecular align-
ment in the organic radical layer may not be governed by
the intermolecular interatomic S-S or S---N contacts, which
are characteristic of the cyclic thiazyl radicals, but the Cou-
lombic interaction between the anion and cation.

The f phase: Figure 2 shows the crystal structure of the §
phase, which is assigned to a monoclinic P2,/c space group
with two BBDTA™ cations crystallographically asymmetric.
In this crystal, BBDTA™" cations form a sheet in the ab
plane as shown in Figure 2a, and the sheets are laminated
along the ¢ axis. Counter anions are positioned between the

Chem. Asian J. 2009, 4, 400-405

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

d(S+++C)

Figure 1. Crystal structure of a-BBDTA-GaBry: a) layered structure com-
posed of BBDTA™* and counter anion, b) molecular alignment of the or-
ganic radical layer, c) a space-filling model of the organic layer and Br
atoms of the counter anion.
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Magnetic Properties

The o phase: Figure 4 plots the temperature dependence of
paramagnetic susceptibility under 5 kOe and the field de-
pendence of magnetization at 2 K for the a phase. As shown

d(S++*N)
Chain A Chain B

Figure 2. Crystal structure of b-BBDTA-GaBr,: a) molecular alignment
of the organic radical layer in the ab plane, b) two types of the molecular
chain, A and B.

sheets. There are two kinds of one-dimensional alignment of
BBDTAT cations in the sheet, which consists of an alternat-
ing alignment of chains. Figure 2b shows the molecular
alignment of BBDTA cations in the two chains, labelled
Chain A and Chain B. In Chain A, the closest intermolecu-
lar contact was S-S at 3.732 (4) A, whereas in chain B, it
was SN at 3.393 (10) A, as marked by arrows. The p phase
is expected to exhibit a two-dimensional magnetic behavior
or a magnetic behavior arising from two kinds of one-di-
mensional networks.

The y phase: Figure 3 shows the crystal structure of the vy
phase, which is isostructural to that of the organic ferromag-
net y-BBDTA-GaCl,. The nearest neighboring BBDTA™*

b) d(SmN

P ﬁ’ f"
Es L2

CL/“'\ =

Figure 3. Crystal structure of yv-BBDTA-GaBr,: a) nearest-neighbor inter-
molecular arrangement, b) molecular alignment onto the (1 1 —1) plane.

cations sandwiched a tetrahedron of GaBr,”, as shown in
Figure 3a. There are two short intermolecular S--N contacts
of 3.332(2) A in the pair (broken lines), whereby the
BBDTA forms a one-dimensional (1D) zigzag network
along the c-axis (Figure 3b). There is no short interatomic
contact in the interchain arrangement. It is predicted that
the vy phase has a 1D magnetic network.

402 www.chemasianj.org
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Figure 4. Magnetic data for a-BBDTA-GaBr,: a) temperature depend-
ence of y,, b) magnetization curve at 2 K.

in Figure 4a, the y,7 value at 300 K was 0.251 emuKmol ",
which is less than the predicted value of 0.375 emuKmol ™
in the case of no magnetic interaction between the unpaired
electrons of g=2 and S§=1/2.%1 This indicates the predomi-
nance of an antiferromagnetic interaction between neighbor-
ing BBDTA®" cations in the organic layer. A plot of the
molar susceptibility versus temperature exhibited a broad
maximum at 24 K, presumably arising from a short-range
magnetic order associated with the two-dimensional struc-
tural character. At 15.5 K, the susceptibility increased rather
sharply. This behavior is characteristic of antiferromagnetic
phase transitions with slight spin canting. Canted antiferro-
magnetism has been observed in certain organic-based mag-
netic materials.'" We can regard the o phase as a two-di-
mensional magnetic system because the diamagnetic GaBr,-
anion layers separate the organic-radical layers. The para-
magnetic susceptibility above 50 K could be reproduced by
the theoretical equation for the two-dimensional square-lat-
tice model,["”!

ty = =1+ (@ /2m)] .

n>1

in which C is the Curie constant, z=J/kzT, J is the intermo-
lecular exchange coupling constant, and the coefficients an

Chem. Asian J. 2009, 4, 400-405
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are as follows: a,=4, a,=16, a;=64, a,=416, as=4544, a,=
23488, a;=-207616, ag=4205056, ay=198295552, and
ap=-—2574439424. The magnetic parameters C=
0.375 emuK mol !(fixed) and J/kz=—-18 K were estimated
by curve fitting, as shown by the solid curve in Figure 4a.
Figure 4b depicts the field dependence of magnetization of
the a phase at 2 K. Magnetization of this phase gradually in-
creased with increasing magnetic field. This is typical for an
antiferromagnet. An anomaly was observed near 7500 Oe.
We interpret this field dependence as follows: spin canting
in this phase may induce a large magnetic moment in the or-
ganic layer and the weak antiparallel coupling between the
organic layers cancel the magnetic moments. It seems that
the antiparallel alignment of the magnetic moments be-
tween the organic layers is broken up at an external magnet-
ic field of about 7500 Oe. The magnetization arising from
spin canting in the organic layer was 22.5 erg Oe 'mol™, as
estimated by extrapolating the magnetization above 10 kOe.
The canting angle from the antiparallel alignment of spins
was approximately 0.12°, which was consistent with those of
other organic weak ferromagnets. Thus, the o phase showed
canted antiferromagnetic behavior below 15.5 K. This Néel
temperature was relatively high, compared to those of tradi-
tional aminoxyl-based antiferromagnets.®!

The B phase: Figure 5 plots the temperature dependence
of paramagnetic susceptibility under 5 kOe and the field de-
pendence of magnetization at 2 K for the 3 phase. Figure 5a
shows the y,T versus T plot. There were two distinct tem-
perature dependences. The y,T value was 0.289 emuKmol™
at 300 K and decreased with decreasing temperature down
to 40 K, suggesting the dominance of antiferromagnetic in-

a) 0.6~

%,/ emu K mol’!

0.1+

ool I I I I I 1
0 S0 100 150 200 250 300
T/K
b) 6000~
5000 |-
S 4000
g
8 30001 00000
o
%0 boo 0000000
22000 L ©
=
~ o
10001
0 1 I 1 I 1
0 10 20 30 40 50

H/10° Oe

Figure 5. Magnetic data for B-BBDTA-GaBr,: a)temperature depend-
ence of y,7, b) magnetization curve at 2 K.
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termolecular interactions. The y,T value increased with de-
creasing temperature below 40K, reaching 0.483 emuK
mol ™! at 2 K. This suggests that there is a ferromagnetic in-
termolecular interaction in the 3 phase. No magnetic phase
transition was observed in the  phase in the 2-300 K range.
Figure 5b plots the field dependence of magnetization for
the B phase at 2 K. The magnetization increased rapidly, as
in a typical ferromagnet, and saturated above around
30kOe. The magnetization was 2789 erg Oe 'mol™" at
50 kOe, which is almost half the theoretical saturation
(5585 ergOe'mol™") for ferromagnetic species with §=1/2
and g=2."" We have already reported the magnetic and
thermal properties of the f phase below 1 K.'” We have
found that only half of the unpaired electrons in the sample
showed ferromagnetic ordering below 0.4 K. We can easily
expect that the B phase was an immiscible combination of
the ferromagnetic and antiferromagnetic components. The
crystal structure of the § phase led us to the conclusion that
its magnetic behavior is a result of the two magnetic chains,
one with a strong antiferromagnetic interaction, J,p and the
other with a weak ferromagnetic interaction J The magnet-
ic parameters of the [ phase were estimated using the fol-
lowing theoretical model, which incorporates the one-di-
mensional ferromagnetic Heisenberg model and the
Bonner—Fisher model,/'”-!¥!

% T =0.5C [(1.0+0.5998y+1.20376y%) / (1+1.9862y+0.68854y

+6.0626y”)+{(1.0+5.79799 K+16.902653 K*>+29.376885 K*

+29.832959 K*+14.036918 K°)/(1.04+2.7979916 K
+7.0086780 K>+8.6538644 K>+4.5743114 K*)}*?)
(2),

in which y=|Jp|/ksT and K=J/2kgT. The solid curve in
Figure 5 is the best fit with the parameters C=
0.375 emuKmol '(fixed), Juap/kyT=—-99K, and Jplkp=
+4.5 K. The measured magnetic data were well-reproduced
by the theoretical curve. This indicates that the magnetic
properties of the 3 phase reflect two independent magnetic
chains, one with a strong antiferromagnetic interaction and
the other, a weak ferromagnetic interaction above 2 K.

The y phase: Figure 6 plots the temperature dependence
of y,T for the y phase under 5 kOe. The y,,T value decreased
with decreasing temperature in this case as well, suggesting
the dominance of antiferromagnetic intermolecular interac-
tions. There was no magnetic phase transition in the temper-
ature range 2-300 K. We estimated the magnetic parameters
by using the Bonner-Fisher equation with the Curie term
arising from magnetic impurities and lattice defects,

% T =4 (C=Cyy) - (0.2540.14995y+0.30094y7) /

3),
1+1.9862y+0.68854y*+6.0626y*)+C,, ®)
P

in which C,,, is the Curie constant of magnetic impurities
and/or lattice defects, which behave as Curie paramagnets.
The magnetic data could be reproduced by the above model
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Figure 6. Temperature dependence of y,T for y-BBDTA-GaBr,.

using the parameters C=0.375 emuKmol ™" (fixed), C,,,=
0.0335 emuKmol™!, and J/kz=—60 K.

The organic ferromagnet y-BBDTA-GaCl, was isostruc-
tural with the vy phase of BBDTA-GaBr,, and showed a fer-
romagnetic phase transition at 7.0 K,'% in contrast to the
antiferromagnetic behavior of the y phase. In general, inter-
molecular magnetic interactions in organic radical crystals
are governed by the nearest-neighbor overlaps between the
magnetic orbitals.'” An orthogonal relation between neigh-
boring singly occupied molecular orbitals (SOMO) induces
a ferromagnetic interaction, whereas an overlap between
them produces an antiferromagnetic interaction. Although
the y phase of BBDTA-GaBr, is isostructural with -
BBDTA-GaCl,, the molecular configuration of the neighbor-
ing BBDTA™ cations in the two materials may be different.
Figure 7 shows the SOMO of the BBDTA radical cation
and molecular alignments, and their schematic representa-
tions of intermolecular interatomic S--N contacts in both

Cc

)

y-BBDTA-GaBr,

L

<SOMOISOMO> ~ 0

Figure 7. a) SOMO of BBDTA™, overlap of the SOMOs in the nearest-
neighbor molecular arrangement in b)y-BBDTA-GaCl, and c)y-
BBDTA-GaBr,, schematic of the relative configuration of the SOMOs in
the nearest orientation in d) y-BBDTA-GaCl, and e) y-BBDTA-GaBr,.

b) _

y-BBDTA:GaCl,

<SOMOISOMO> # 0
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phases. The SOMO has an extended population on the mo-
lecular plane and a characteristic nodal plane in each S—N
bond, as shown in Figure 7a. Figure 7b shows the nearest-
neighbor molecular contact in the ferromagnetic derivative
v-BBDTA-GaCl,, corresponding to the top view of a molec-
ular configuration as in Figure 3a. The nitrogen atom in the
lower molecule is close to the center of the SN bond in the
upper molecule in y-BBDTA-GaCl,. Thus, the overlap inte-
gral in the region in which the product of these SOMOs is
positive, cancels that in the region in which the product is
negative, as shown in Figure 7d. In y-BBDTA-GaC(l,, the
minimal overlap between the SOMOs is likely to cause a
ferromagnetic coupling between the molecules. Figure 7¢c
depicts the nearest-neighbor contact in the antiferromagnet-
ic derivative, y-BBDTA-GaBr,. The nitrogen atom in the
lower molecule is located slightly to the left of the center of
the SN bond in the other molecule. As a result, there may
be a net overlap between the SOMOs because the positive
overlap does not cancel the negative overlap. It is thought
that this is the cause of the antiferromagnetic properties ob-
served in the y phase of BBDTA-GaBr,. This illustrates
again that the magnetic properties of molecule-based mag-
netic materials are very sensitive to the crystal structure.
Thus, the y phase was a one-dimensional paramagnet with
intermolecular antiferromagnetic interactions. It is interest-
ing that a small difference in the molecular alignment
should lead to such a dramatic difference in magnetic prop-
erties.

Conclusions

In this paper, we report the preparation, isolation, structure,
and magnetic properties of three polymorphs (o, 8, and v)
of the cation radical salt BBDTA-GaBr,. In the a phase,
BBDTA™" cations form a square-planar lattice alignment,
and show canted antiferromagnetism below 15.5 K. The
phase is composed of a weak ferromagnetic regular chain
and a strong antiferromagnetic chain, and shows ferromag-
netic ordering in spins of purely the ferromagnetic chains
below 0.4 K. The y phase is isostructural with an organic fer-
romagnet below 7.0 K, y-BBDTA-GaCl,, exhibits antiferro-
magnetic interactions between BBDTA™ cations, but shows
no magnetic ordering up to 2 K. Thus, various magnetic net-
works are formed in the three polymorphs of this cation rad-
ical salt. Magnetic properties of the cationic salts are very
sensitive to the relative configuration of neighboring mole-
cules in the crystals, such as y-BBDTA-GaCl, and y-
BBDTA-GaBr,. Finally, chemical modification of cyclic thia-
zyl radical ions and their combination with appropriate
counter anions may lead to novel magnetic networks of in-
terest to solid state physicists or high-7 molecule-based fer-
romagnets that many chemists wish to synthesize.
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Experimental Section

BBDTA-GaBr, was synthesized as follows: BBDTA-FeCl,CH,CN2!
was mixed with excess tetra(n-butylammonium) bromide in CH;CN. The
brown BBDTABr precipitate obtained was dried under vacuum, and
then reacted with GaBr; for 2 h in acetonitorile under nitrogen atmos-
phere. The solution immediately turned deep green. A greenish
BBDTA-GaBr, powder was obtained upon evaporation of the solvent.
We found at least three polymorphs of BBDTA-GaBr,, namely, a (dark-
greenish needles), B (dark-greenish blocks), and y (dark-greenish cu-
boids). The a phase often crystallized from a 1:1 mixed solvent of ace-
tone and dichloromethane at —23°C. The f§ phase was prepared by re-
crystallization from a 1:1 mixed solvent of nitromethane and dichlorome-
thane at —23°C. The y phase was obtained as a mixture with the o and 8
phases by layering an acetone solution of the salt with diethyl ether.
Then the two phases were separated from the sample of the y phase
under a microscope as soon as possible.

X-ray diffraction data were collected with a graphite-monochromated
Mo—K, (1=0.71073 A) radiation on a Mac Science DIP-3200 imaging
plate diffractometer. All structures were solved by a direct method using
the SHELXS-97 program®®! and refined by successive differential Fourier
syntheses and a full-matrix least-squares procedure using the SHELXL-
97 program.”?! Anisotropic thermal factors were applied to all non-hydro-
gen atoms.

CCDC 698637 (the o phase), CCDC 698638 (the {3 phase), CCDC 698639
(the y phase) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre at www.ccdc.cam.ac.uk/data_request/cif

Magnetic measurements were carried out on a SQUID (Quantum
Design MPMS XL) magnetometer under 5000 Oe. The experimental raw
data were corrected for diamagnetism and the molar paramagnetic sus-
ceptibilities were obtained.
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Potassium zert-Butoxide-Catalyzed Dehydrogenative Si—O Coupling:
Reactivity Pattern and Mechanism of an Underappreciated Alcohol

Protection

Andreas Weickgenannt and Martin Oestreich**

Abstract: A remarkable tert-butoxide-
catalyzed coupling of alcohols and si-

tool for the predictability of their reac-
tivity under defined reaction condi-
tions. The debated mechanism of this

transformation is investigated monitor-
ing the stereochemical course at the sil-

lanes is reported. Dihydrogen and not
hydrochloric acid (generated in the
prevalent, related coupling of alcohols
and chlorosilanes) is formed as the sole
by-product. A comprehensive survey of
common silanes provides a reliable

substitution -

Introduction

Elegant complex-molecule synthesis is rated highly if it only
involves a minimal number or even no protective group ma-
nipulations.l'! Nevertheless, protective group chemistry will
certainly hold its place as a pivotal tool in organic synthesis.
The chemistry of protective groups itself as well as strategic
synthetic planning was greatly influenced and enhanced by
the Si—O linkage for temporary hydroxy group protection.
Its extensive use stems from the convenient alteration of
both the steric and the electronic environment at the silicon
atom, which, in turn, oftentimes ensures orthogonality in the
protection and deprotection steps.?

An impressive selection of Si—O bond forming reactions
is available today, the prominent protocol being the treat-
ment of an alcohol with a moisture-sensitive chlorosilane in
the presence of a nucleophilic catalyst and a stoichiometric
amount of a base as a hydrochloric acid scavenger.®! While
this setup, which eventually produces equimolar amounts of
a hydrochloride salt by-product, is commonly employed
without reconsidering alternatives, another powerful tech-
nique is only rarely used. The direct dehydrogenative Si—O
coupling of alcohols A and readily available silanes B! lib-
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icon atom by means of a silicon-stereo-
genic silane. On this basis, a transition
state for the enantiospecific Si—O cou-
pling step is suggested rationalizing the
observed frontside attack and thus re-
tention at the silicon atom.

erates dihydrogen as the sole by-product (Scheme 1).°! Re-
markably, it is long known that this process is efficiently
mediated or catalyzed by several late transition metal com-
plexest® as well as Brgnsted and Lewis acids/bases.”

transition metal-,
acid- and base-mediated

; or catalyzed
H o, -SiRs y

RO ro SR + My

A B C

Scheme 1. Dehydrogenative Si—O coupling.

In connection with a novel kinetic resolution strategy, we
had recently developed diastereoselective, transition metal-
catalyzed Si—O couplings of racemic mixtures of alcohols
and enantioenriched silicon-stereogenic silanes.®* The cen-
tral step of these Cu—H®! and Rh—H" catalyses is believed
to be a racemization-free o-bond metathesis of an inter-
mediate transition metal alkoxide and the Si—H bond.®
The active catalyst is normally generated from the otherwise
inert transition metal tert-butoxide through alkoxide ex-
change. Sodium or potassium tert-butoxide and a transition
metal salt serve as viable precatalysts. It was in the course
of these investigations that we discovered the catalytic activ-
ity of potassium fert-butoxide alone, as indicated by the vig-
orous evolution of dihydrogen. We are aware of the fact
that such transition metal-free, alkoxide-catalyzed dehydro-
genative Si—O couplings are not totally unprecedented,™”!
but the present potassium fert-butoxide catalysis displays

Chem. Asian J. 2009, 4, 406 -410
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noteworthy generality and prac-
ticability. We therefore decided
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Table 1. Reactivity pattern in the potassium tert-butoxide-catalyzed Si—O coupling.

KOtBu (5.0 mol%)

. . _H - _SiR,
to elaborate on this reaction /©/\ o, _SiRy molecular sieves (3 A) /©/\O s
. H
anq WlSh to report a handy re- MeO solver&t T(0.5m) MeO
activity survey of several 1 (1.05 equiv) 2a-g (1.00 equiv) . 5h 3a-g
silane-solvent combinations 100% conversion
and the Corroporatlon of an un- Entry Silane 214 Abbreviation Yield of isolated product 3 [%]
usual mechanism. THF THF/DMF 4:1 DMF
1 Ph.Si-H (2a) TPS-H 99 92 98
2 MePh,Si—H (2b) MDPS-H 99 99 97
Results and Discussion 3 Me,PhSi—H (2¢) DMPS-H 761 94 94
4 tBuPh,Si—H (2d) TBDPS-H - 92! 99
Reactivity Pattern 5 Et;Si—H (2e) TES-H - 97 95
. . 6 BuMe,Si—H (2f) TBDMS-H - - 901!
The pivotal experimental obser- 5 iPr,Si-H (2g) TIPS-H _ _ 68lb<l

vation was made in a systematic
solvent screening. In the past,
we had always used toluene as
the solvent as well as a donor-
functionalized alcohol and steri-
cally encumbered triorganosilanes.®? Under those reaction
conditions, the transition metal was necessary to promote
the Si—O coupling, likely to be assisted by a directing effect
of the tethered donor. Conversely, performing the coupling
of a simple primary alcohol, for example, 1,/ and an unhin-
dered silane 2 in THF immediately liberated dihydrogen ac-
companied by silicon ether formation (1—3, column 4,
Table 1). In detail, aryl-substituted silanes 2a-c¢ reacted
cleanly in the presence of catalytic amounts of potassium
tert-butoxide (Table 1, entries 1-3) whereas trialkylsilanes
2e-g were completely inert (Table 1, entries 5-7); the appar-
ent activation by aryl groups at the silicon atom was overrid-
den by sterics, tert-butyldiphenylsilane (2d) showed no con-
version at all (Table 1, entry 4).

The substantial decrease in reactivity in the order Ph;Si—
H~MePh,Si—H > Me,PhSi—H > rBuPh,Si—H ~ Alkyl,Si—H
might be rationalized by the distinct Lewis acidities of these
silanes. As C(sp®) is more electronegative than C(sp®), the
Lewis acidity at the silicon atom will correlate with the
number of electron-withdrawing sp>-hybridized substituents

Abstract in German: Eine bemerkenswerte, fert-butanolat-
katalysierte Kupplung von Alkoholen und Silanen wird vor-
gestellt. Diwasserstoff und nicht Chlorwasserstoffsdure (aus
der weitverbreiteten, entsprechenden Kupplung von Alkoh-
len und Chlorsilanen) wird als einziges Abfallprodukt gebil-
det. Eine umfassende Untersuchung gebrduchlicher Silane
stellt ein verldssliches Instrument zur Vorhersagbarkeit ihrer
Reaktivitdt unter definierten Reaktionsbedingungen zur
Verfiigung. Der kontrovers diskutierte Mechanismus dieser
Umsetzung wird iiber den stereochemischen Verlauf am Sili-
ciumatom mit einem siliciumstereogenen Silan untersucht.
Auf dieser Grundlage wird ein Ubergangszustand fiir den
enantiospezifischen Kupplungsschritt vorgeschlagen, der den
beobachteten Vorderseitenangriff und damit die Retention
am Siliciumatom erklart.
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[a] The reaction required double the amount of KOrBu (10 mol %) and extended reaction time (12 h). [b] The
reaction required double the amount of KOfBu (10 mol %), 18-crown-6 (10 mol%), and extended reaction
time (14 h). [c] Reaction in DMSO yielded 69 % conversion at extended reaction time (14 h).

attached to it. In order to render the less reactive silanes
more Lewis acidic, a Lewis base might be added to generate
a hypervalent and therefore more Lewis acidic silicon inter-
mediate (Lewis base activation of Lewis acids).""! The ad-
mixture of DMF (or DMSO) and the reaction mixture
(column 5, Table 1) indeed facilitated the Si—O coupling of
tert-butyldiphenylsilane (2d) as well as triethylsilane (2e)
(Table 1, entries 4 and 5) but hindered silanes 2 f and 2g re-
mained, again, untouched under these reaction conditions
(Table 1, entries6 and 7). In DMF alone (column 6,
Table 1), the former was finally brought to reaction albeit
requiring double the amount of potassium tert-butoxide and
prolonged reaction time (Table 1, entry 6); tri-iso-propylsi-
lane (2g) was sterically too congested to participate in this
reaction under conventional conditions.'? Either addition of
18-crown-6° or a solvent switch to pure, slightly more
Lewis basic DMSO then facilitated turnover (Table 1,
entry 7).

Verification of the General Procedure

We made several noteworthy observations: 1) While potassi-
um tert-butoxide (5.0 mol %) and 1 reacted cleanly with si-
lanes in the above solvent systems, almost no conversion
was detected neither with the potassium alkoxide of 1 alone
nor with a 1:1 mixture of the potassium alkoxide of 1 and
tert-butanol (5.0 mol%) and 1. The former outcome indi-
cates that a proton source (traces of water or the alcohol
itself) is needed for turnover™ but reasons for the latter
outcome are less obvious. Solubility of the alkoxides in-
volved appears to be a crucial parameter in this reaction;
whereas potassium tert-butoxide (5.0 mol%) and 1 give a
clear solution, the potassium alkoxide of 1-#-butanol-1 cock-
tail remained turbid in THF, THF/DMF 4:1, and DMF.
2) The reaction rate increased by at least one order of mag-
nitude in the presence of 18-crown-6 likely owing to an in-
creased nucleophilicity of the alkoxide. 3) We note that this
reaction was also catalyzed by sodium fert-butoxide yet at
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markedly lower rate. 4) In all reactions, the formation of Si—  Table 2. Brief verification of the potassium tert-butoxide-catalyzed Si—O cou-

OH and Si—O-Si by-products was almost suppressed by ad- ~ Pling.

dition of molecular sieves although excessive amounts of it KOtBu (5.0 mol%)

inhibited the reaction. 5) Using 5.0 mol % of potassium tert- R\O,H ¥ H,SiF’the molecular sieves (3 A) R\O/Sipthe
butoxide turned out to be practicable, however, lower cata- 4-9(1.00 equiv)  2b (1.05 equiv) THFFg-?-'sM) 10-15

lyst loadings were possible. The general procedure was then 100% ci Eversion

further verified for a few 1°, 2° and even 3° alcohols

(Table 2). The high-yielding etherification of 1-adamantanol  Entry Alcohol Product Yield of isolat-

in THF/DMF 4:1 or at a higher rate in THF/DMSO 4:1 is ed prod-
remarkable (9—15, Table 2, entry 6) in that we had never uct [%]
observed silylated tert-butanol. oH o SiPhoMe
1 @ @ 99
4 10

Reaction Mechanism

. . .SiPh,Me
Over the last few years, we have been largely involved in g o

the chemistry of silicon-stereogenic silanes,'”! which serve as 2 o N 93
stereochemical probes for a better understanding of reaction 5 1
mechanisms.'” The mechanism of alkoxide-mediated dehy-
drogenative couplings was the subject of several investiga-
tions in the past,"31%171 and Wilzbach et al.'® as well as
Sommer et al.'® had already suggested reasonable mecha-
nisms, which rationalized the observed predominant stereo-
retention at the silicon atom.” On the other hand, Le 4
Bideau et al. recently suggested a mechanism for a hydrox-
ide-catalyzed coupling, which would result in racemiza-
tion.’" We therefore decided to also interrogate the stereo-
chemical course of our related potassium tert-butoxide-cata-
lyzed Si—O coupling. As expected, acyclic tert-butylmethyl-
phenylsilane (99 % ee) was too unreactive to undergo the
coupling using THF as solvent, which is why we employed
the strained silane (YR)-16 (84-89 % ee) recently introduced
by us.®*] A dehydrogenative Si—O coupling-reductive Si—O (o}
cleavage sequence would then reveal the enantiospecificity
of the coupling step (Table 3). When THF or THF/DMF 4:1
were used as solvents, the reaction proceeded with (almost)

75

_SiPh,Me 97

O/H @O,SlthMe 99
PN

H o SiPhaMe ogiet

©

15

[a] The reaction was performed in THF/DMF 4:1 and extended reaction time
(14 h). [b] Quantitative conversion was seen in THF/DMSO 4:1 within 5 h.

immaculate stereoretention at the silicon atom [(*R)-16—
(55)-17—(¥R)-16, entries 1 and 2, Table 3], whereas racemi-
zation was seen with DMF as solvent [(*R)-16—rac-17—
rac-16, entry 3, Table 3]; the acyclic chiral silane also race-
mized in the latter solvent. The Lewis basicity as well as the
E; parameter (that is the polarity) of these solvents might
be important [E(THF)=374 vs E{(DMF)=43.2 and
E(DMSO)=45.1]."") DMF and DMSO might either in-
crease the Lewis acidity of tetravalent silicon compounds
through coordination and thus facilitate activation! or
simply stabilize charged species.

To further understand this curious solvent effect,”!
namely the role of DMF,* in this catalysis, we conducted a
series of racemization experiments of both silane (¥R)-16
(Table 4) and silicon ether (%.5)-17 (Table 5). All reactions
were performed in DMF at room temperature; (YR)-16 and
(515)-17 were configurationally stable in THF. Silane (¥R)-16
basically retained its stereochemical integrity in all cases
(entries 1-4, Table 4); marginal loss of enantioenrichment
was detected after prolonged treatment with potassium tert-
butoxide (1.0 equiv), which cannot explain completely race-
mized rac-17 in the presence of catalytic amounts of potassi-
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um fert-butoxide (5.0 mol%). It is particularly important to
note that (®R)-16 is not racemized by pure DMF (vide
infra). An almost similar situation is seen for silicon ether
(%S)-17 (entries 1-4, Table 5) but this time, potassium fert-
butoxide (1.0 equiv) brings about complete racemization
with concomitant decomposition, which, in turn, might ac-
count for the loss of stereochemical information observed in
the Si—O coupling through subsequent fert-butoxide-induced
racemization.

As tert-butoxide is able to interact with (%5)-17 (entry 2,
Table 5), the alkoxide of 1 (generated from KH and 1)
might do so even more. However, interaction of tetravalent
silicon with an alkoxide results in (partial) racemization ex-
clusively with sterically hindered systems (entry 2, Tables 4
and 5) while enantiospecific alkoxy-alkoxy exchange at sili-
con ethers is well-documented.”*! To understand this,
front- and backside attack at the silicon atom must be juxta-
posed: non-hindered alkoxides favor (concerted) frontside
Sx2-type mechanisms;®! conversely, hindered alkoxides
favor Sy2-type backside attack because of sterical considera-

Chem. Asian J. 2009, 4, 406 -410
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Table 3. Solvent dependence of the stereochemical course at the silicon atom.[*]

o-Si-.
MeO

KOfBu (5.0 mol%)
molecular sieves (3 A)

/©/\O/H !
+ H—SI: B
[
MeO tBu

1 (Sir)-16

solvent system (0.5m)
RT

14 h

stereochemical
course

DIBAL-H
(4.0 equiv)

heptane

A
20h
>99% retention
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terminated the reaction after
1 h instead of 14 h. After reduc-
tive Si—O cleavage, silane (*R)-
16 was isolated in 70% ee,
which is unambiguous evidence
for a racemization-free cou-
pling.

The alkoxide-catalyzed Si—O
coupling is enantiospecific in all
three solvent systems. In THF,
the mechanism (1) agrees with
the seminal postulate by Wilz-
bach etal.' and (2) is similar

(51817 or rac-17

H-Si-.
tBu'KG

(¥R)-16 or rac-16

Entry Si—O coupling

to the proposed cyclic transition

Si—O cl
T Ceavage state by Sommer et al.;*! a suf-

Solvent Yield of ee of Stereochemical Yield of ee of
system 17 CR)- course 16 16 ficiently Lewis acidic silane B,
[%] 16 [%] [%] strained (*'R)-16 or
[%] Ph,Me;_,SiH (n=3-1, 2a-c),
1 THF 97 89 retention 74 89 reacts directly with alcohol A
2 TI{IF/DMF 70 85 retention 74 80 through transition state D
3 gMF 82 84 racemization 72 0 forming c (B—-D-C,

[a] Enantiomeric excesses determined by HPLC analysis using a Daicel Chiralcel OJ-RH column (MeOH/

H,0=280:20 at 12°C): 35.3 min for (*R)-16 and 38.5 min for (%5)-16.

Table 4. Racemization experiments of silane (*R)-16 in DMF.

Entry Additive (1.0 equiv) t[h] Enantiomeric excess [%]®
before after
1 - 24 84 80
2 potassium tert-butoxide 24 84 60
3 potassium alkoxide of 1 24 89 89
(generated from KH and 1)
4 alcohol 1 14 89 89

[a] Determined by HPLC analysis using a Daicel Chiralcel OJ-RH
column (MeOH/H,0 =80:20 at 12°C): 35.3 min for (¥R)-16 and 38.5 min
for (5i5)-16.

Table 5. Racemization experiments of silicon ether (%5)-17 in DMF.

Entry  Additive (1.0 equiv) t[h] Enantiomeric excess [%]®
before after
1 - 14 89 89
2 potassium tert-butoxide 14 89 0
3 potassium alkoxide of 1 24 89 89
(generated from KH and 1)
4 alcohol 1 14 89 89

[a] Determined by racemization-free, reductive cleavage of the Si—O
bond [(*'S)-17— (¥ R)-16] followed by HPLC analysis using a Daicel Chir-
alcel OJ-RH column (MeOH/H,0 =80:20 at 12°C): 35.3 min for (*R)-16
and 38.5 min for (5.5)-16.

tions,®! thereby forming a trigonal bipyramidal intermediate
prone to pseudorotational processes.”! In order to distin-
guish between racemization during or after the Si—O cou-
pling step, we would have to prove post-coupling, tert-butox-
ide-catalyzed racemization [(*S)-17—rac-17]. For this, we
repeated the Si—O coupling in DMF (entry 3, Table 3) and
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Scheme 2). The involvement of
both the potassium alkoxide of
A and tert-butanol or A itself in

-
3 ROH R3 3
R A N R
_Si, R q.--Heolpy.--Si —Si.
H-SiwR2 ~o0 HP\ RO~PI"R2
R! R\O' R R
B D c
LB || -LB tBuOK LB || -LB
Rs  ROH rRRoRe | R3
LB. A \ /. .-LB| -H, LB. 1§
o "H-. - ie —_— o
H—SiwR2 R~o-H RH S'\ RO-Si"R2
R1 ~0 R1 R1
B-LB D--LB C-LB

Scheme 2. Mechanistic picture of enantiospecific, dehydrogenative Si—O
coupling with and without Lewis base-activation (LB =Lewis base).

the concerted Sy2-type displacement in D is experimentally
supported by a proton source (A or trace of water) as a key
requirement.[13] We think that, in contrast to the Sommer
mechanism,"! the potassium cation is not an integral part of
this process since the reaction is still enantiospecific (!) in
the presence of 18-crown-6 (vide supra).”® In DMF, the sit-
uation is somewhat more complicated. The activation of
otherwise unreactive silanes 2d-f by this Lewis base (LB) is
a generally accepted mode of action (Table 1); nevertheless,
we do hesitate to propose a hypervalent silicon intermediate
as DMF and related donors cannot racemize any of the si-
lanes used in this study. We currently believe that a weak
Lewis acid-base interaction as depicted in B--LB activates
the silicon atom to enter the Sy2-type Si—O coupling
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(B--LB—D--LB, Scheme 2).”*! Liberation of C might pro-
ceed through an associative (D--LB—C--LB—C, Scheme 2)
or a dissociative mechanism (D--LB —D—C, not shown).

Conclusions

We believe that the alkoxide-catalyzed, dehydrogenative Si—
O coupling using silanes deserves its place amongst the im-
portant techniques for alcohol protection. It is a mild and
reliable process with the predictability of orthogonality
(Table 1) required in silicon-based protective group chemis-
try. The mechanistic part of the present investigation shows
that the coupling itself is enantiospecific but base-induced
racemization of the silicon ethers formed is problematic in
very polar solvents.

Experimental Section

A flame-dried Schlenk tube was charged under an argon atmosphere
with the indicated alcohol (Table 2, 0.525 mmol, 1.05 equiv), the silane
(Tables 1 and 2, 0.500 mmol), molecular sieves (30 mg, 3 A), and, accord-
ing to Table 1, the appropriate solvent mixture (0.5m). Then, potassium
tert-butoxide (2.8 mg, 0.025 mmol, 5.0 mol %) was added. After full con-
version (monitored by GLC) the reaction mixture was directly subjected
to flash column chromatography on silica gel using cyclohexane-t-butyl-
methylether solvent mixtures. The silicon ethers are isolated as colourless
oils or solids.
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Nano-Supramolecular Assemblies Constructed from Water-Soluble
Bis(calix[S]arenes) with Porphyrins and Their Photoinduced Electron

Transfer Properties

Dong-Sheng Guo, Kun Chen, Hong-Qing Zhang, and Yu Liu*!"

Abstract: Possessing 2D netlike and
1D linear morphologies, two nano-
supramolecular architectures Al and
A2 are constructed by tetracationic
porphyrin (G1) and dicationic porphy-

parison to the simple p-sulfonatoca-
lix[S]arene H1 which can only form
particle-type complexes C1 and C2
with porphyrin guests, H2 provides ex-
cellent pre-organized structure to con-

molecular systems is further investigat-
ed by steady-state and time-resolved
fluorescence  spectroscopy, electro-
chemical measurements, and transient
absorption spectroscopy. The results

rin (G2), respectively, upon complexa-
tion with the novel water-soluble bis(p-
sulfonatocalix[5]arenes) bridged at the
lower rim (H2). Corresponding to the
molecular design, the aggregation mor-
phologies are well manipulated by the
inherent binding sites of the building
blocks through host—guest interactions
as well as charge interactions. In com-

struct  highly

transfer -

try

Introduction

Construction of nanoscopic architectures with well-defined
shapes and dimensions from molecular components is at-
tracting extensive interest because of their increasing signifi-
cance in interdisciplinary research, including chemistry, life
science, material science, and nanotechnology."! Porphyrins
are demonstrated to be one of the most fascinating building
blocks for constructing spectacular nanoarchitectures owing
to their special electronic,”! optical,”) magnetic,*! and bio-
logical properties.”] To date, various multi-porphyrin arrays
with definite morphologies have been reported, such as
wire-shaped linear polymers,””! nanotubes,”! nanosheets,?®
nanoparticles”! nanorings'” hexagonal nanoprisms,
double-strand conjugated molecular ladders,™? dendritic
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complex
molecular assemblies. The exhibited
electron-transfer process of the supra-
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obtained show that calixarenes are also
effective electron donors in PET be-
sides acting as significant building
blocks, which gives them many advan-
tages in constructing well-ordered
nanomaterials with the capability of
electron and energy transport.

nano-supra-

electron

scaffolds,"” and so forth, which further exhibit potential ap-
plications in simulating the electron and energy transfer pro-
cesses, as well as in manufacturing artificial photoelectron
devices.' For this purpose, covalent methods of linking por-
phyrins into well-ordered nanostructures have been aug-
mented by the alternative noncovalent methodologies in-
volving coordination,'™*!  H-bonding,'® m-stacking,"”
ionic self-assembly,”'™! and so forth.'*! Such non-covalent
assembling processes are of importance to obtain new types
of nanoscale materials or devices with the desired properties
and functions, resulting from their particular advantages of
‘bottom-up’ strategy, versatility, and simplicity that cannot
be obtained by classical covalent chemistry.'! Interestingly,
one noticeable noncovalent interaction, the host-guest inter-
action based on the macrocyclic receptors, has essentially
been ignored as a driving force to design and construct por-
phyrinic nanoarchitectures,” although several macrocyclic
receptors, including cyclodextrins, calixarenes, and cucurbi-
turils, have been proven to be able to afford strong binding
affinities to the specialized porphyrins.?!! Furthermore, the
noncovalent interactions often employed (e.g., coordination,
H-bonding, and m-stacking) are not very effective for de-
signing water-soluble supramolecular architectures, and
hence they lack the necessary biocompatibility for applica-
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tions in the fields of biotechnology. These macrocyclic re-
ceptors with certain water-solubilities can definitely over-
come the problem.

Calixarenes,”™ composed of phenolic units linked by
methylene groups, represent the third generation of supra-
molecular host molecules, next to the crown ethers and cy-
clodextrins, which are described as ‘macrocycles with
(almost) unlimited possibilities’.™™ In recent years, the com-
bination of porphyrins and calixarenes has become an im-
portant topic for exploring novel functional supramolecular
systems. Benefiting from the characteristics of calixarenes,
intrinsic 3D platform and facile modification at both upper
and lower rims, lots of covalently linked calixarene—porphy-
rin conjugates have been presented.” Furthermore, the
noncovalent interactions between calixarenes and porphy-
rins were also investigated to a certain extent.'®®1 All
these investigations combining calixarenes and porphyrins
show them to exhibit broad applications in molecular self-
assembly, molecular machine, non-covalent synthesis, heme-
protein active site models, light-energy conversion, and so
forth. However, to the best of our knowledge, the construc-
tion of nanoscale ordered-supramolecular assemblies based
on calixarenes and porphyrins has never been reported. In
this paper, we wish to report the construction of a 2D net-
like aggregate Al and a 1D linear aggregate A2 by lower-
rim bridged bis(p-sulfonatocalix[5]arenes) (H2) upon com-
plexation with 5,10,15,20-tetrakis(N-methyl-4-pyridyl)por-
phyrin (G1) and 5,15-di(N-methyl-4-pyridyl)porphyrin (G2),
respectively. The aggregation morphologies are well manip-
ulated by the inherent binding sites of the molecular build-
ing blocks through strong host-guest interactions. Moreover,
porphyrins are famous antenna molecules possessing solar
light-harvesting capability, whereas calixarenes are proven
to be efficient electron donors on account of their intrinsic
electron-rich cavities.” Therefore, the photoelectric proper-
ties of the obtained aggregates were further evaluated, re-
vealing that a pronounced electron-transfer process occurs
in the supramolecular systems. The transport of energy and
electrons within well-ordered nanomaterials is significant to
the realization of systems for artificial photosynthesis as
well as engineering molecular electronics and optoelectron-
ics.?’!

Results and Discussion
Synthesis of Building Blocks

We selected p-sulfonatocalixarenes as building blocks for
the following reasons: 1) they have benign water-solubility;
2) they possess three-dimensional, flexible, m-rich cavities
that can strongly bind numerous guest molecules in aqueous
solution, especially for organic cations;?! 3) they are bio-
compatible, and have shown promising biological, pharma-
ceutical, and analytical applications.’” In the past two de-
cades, the water-soluble p-sulfonatocalixarenes and their de-
rivatives have been widely investigated in various fields, in-
cluding molecular recognition and sensing,***" catalysis,"!

Chem. Asian J. 2009, 4, 436 —445
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micro-reactor,”  surfactants,"'  enzyme-mimic/enzyme-
assay,™ crystal engineering,”/ biomedical applications,™"
and so forth.”

In previous reports from other groups, p-sulfonatocalix[4]-
arene and its tetrakis(2-ethoxyethoxy) derivative formed
highly stable 1:1 cage-like complexes with tetrakis-cationic
porphyrins,#>2¢¢l whereas the tetrakis(hydroxycarbonylme-
thoxy) derivative of p-sulfonatocalix[4]arene formed more
complex species with programmable calixarene/porphyrin
stoichiometry ranging from 4:1 to 4:7.%°**< In this work, we
employed the larger analogue, p-sulfonatocalix[5]arenes, as
building hosts. On the one hand, p-sulfonatocalix[S]arene
possesses a cavity of larger size and one more electronega-
tive sulfonate group than p-sulfonatocalix[4]arene, which
may exclude the possibility of forming ion-pair complexes
with cage-like structure because the 1:1 cage-like complexes
mainly originate from the charge and size/shape considera-
tions that the four positive charges of porphyrins are suita-
bly matched to the four negative charges of calix[4]arenes
owned by upper-rim sulfonate groups. On the other hand,
differing from p-sulfonatocalix[6,8]arenes with more compli-
cated conformations, the preferred stable cone conformation
of p-sulfonatocalix[5]arene allows the basic precondition to
construct supramolecular nanoarchitectures with well-de-
fined geometries. p-Sulfonatocalix[S]arene (H1) was synthe-
sized and purified according to the literature procedures.”
Bis(p-sulfonatocalix[5]arenes) (H2) was prepared according
to the synthetic route shown in Scheme 1. Although there
are several p-sulfonatocalixarene derivatives reported,*'*%")
the bridged bis(p-sulfonatocalixarenes) has never been ex-
plored, and the present H2 represents the first example of a
building block with two equal binding sites of sulfonatoca-
lixarenes, which offers us new opportunities leading to
highly complex supramolecular nanoarchitectures rather
than simple inclusion complexes. Moreover, two porphyrin
guests G1 and G2 are employed in order to investigate how
the disparity of the binding sites affects the resultant assem-
bly morphologies.

Preparation and Characterization of Supramolecular
Nanoarchitectures

UV/Vis Studies

The complex interactions between calixarene hosts (H1 and
H2) and porphyrin guests (G1 and G2) were primarily in-
vestigated by UV/Vis spectroscopy. The absorbance of G1
and G2 is characterized by an intense absorption band at
422 nm and 406 nm, respectively, which belongs to the
second excited state (S,—S,) of porphyrins (the Soret
band). H1 and H2 do not exhibit any absorbance in this
region, and thereby the Soret band can be used to monitor
the absorption changes of G1 and G2 upon complexation
with calixarenes. Interestingly, the absorbance titrations
show that the absorbance of porphyrins undergoes a pro-
nounced decrease and then an inverse increase upon gradual
addition of calixarenes. As shown in Figure 1, the absorb-
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Scheme 1. The synthetic routes and structural illustrations of H1, H2, G1, G2.

ance of G1 was firstly quenched by H1 to over 90 %, fol-
lowed by a visible recovery (about 70 %) accompanied with
the excess augmentation of H1. The absorption changes of
G1 induced by H1 and H2 are absolutely distinguishable
from that of G1 by p-sulfonatocalix[4]arene,®! which indi-
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Figure 1. a) UV/Vis titration of G1 with H1 in phosphate buffer solution
(pH7.2, 0.1mM), [G1]=5x10"°m, [H1] from 0 to 6x107°m (12 equiv);
b) Absorption changes of G1 recorded at 422 nm upon gradual addition
of H1.
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cates that p-sulfonatocalix[5S]ar-

enes form higher-order com-

ﬂl plexes with G1 rather than the
1:1 cage-like complexes.

We further determined the
binding stoichiometries be-
tween calixarenes and porphy-
rins by the Job method. As can
be seen in Figure 2a, the Job
plot performed for G1 with H1
shows the maximum value of
AA (complex-induced changes
of absorbance) at a porphyrin
molar fraction of about 0.56,
and the Job plot performed for
G1 with H2 shows the maxi-
mum value of AA at a porphy-
rin molar fraction of about 0.72,
which indicate that the binding
stoichiometries of H1 and H2
with G1 are 4:5 and 2:5, respec-

a) 1.2-

10{ m Al
e C1
0.8-

0.6+

AA

0.4
0.24

0.0 T T . . )
0.0 02 04 06 08 1.0

Fraction of G1
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g 04
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00 .
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Figure 2. Job plots for H1 and H2 upon complexation with G1 (a) and
G2 (b) in phosphate buffer solution (pH 7.2, 0.1m). Absorption changes
recorded at 422 nm for G1 and 406 nm for G2. The sum of the total con-
centrations of hosts and guests is constant (1x107°m).

tively. Similarly, the binding stoichiometries of H1 and H2
with G2 are inferred to be 2:5 and 1:5, respectively, from
Figure 2b. The binding stoichiometries of H1 are exactly
two times those of H2, which is in accordance with the
number of the calixarene cavities, one cavity in H1 and two
cavities in H2. Therefore, taking the structures of H1 and
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H2 into account, we primarily infer that H1 forms 4:5 and
2:5 inclusion complexes (C1 and C2) with G1 and G2, while
H2 forms 2:5 and 1:5 nanoscale supramolecular aggregates
(A1 and A2) with G1 and G2 as illustrated in Scheme 2.
Moreover, it is noticed that the host-guest stoichiometries
in these complexes/aggregates are significantly satisfied to

— S

'{1
b) w»/
¥ Lo
n\y/
. Assembly
+
En/ o

Scheme 2. Schematic representation of the construction of supramolec-
ular nanoarchitectures: a) 2D network aggregate Al, b) 1D linear aggre-
gate A2.

Netlike Aggregatel

Linear Aggregatel

charge matching. That is, in all these complex species (C1,
C2, A1, A2), the number of the positive charge on the por-
phyrins is equal to the number of negative sulfonate groups
in the calixarenes. As a result, the charge interactions also
play a crucial role in the formation of supramolecular com-
plexes/aggregates besides the host-guest interactions be-
tween calixarenes and porphyrins. Inspired by the model re-
ported by Sciotto and co-workers,***<! we postulate the for-
mation process of these supramolecular species as two steps
such that the interacting components first undergo an in-
stantaneous intermediate state with host-guest interactions
as driving forces, and then fulfil the ultimate complexes/ag-
gregates through charge interactions. As shown in Scheme 3,
four cavities of H1 include the four pyridinium portions of
one G1, first forming the 4:1 central core, and then the
other four G1 molecules stack stepwise above and below
the plane of the central unit, leading to the final 4:5 com-
plex C1.

CHEMISTRY

AN ASIAN JOURNAL

The deduced binding model can elucidate the dramatic
absorbance changes of porphyrins in the UV/Vis titrations
(Figure 1, and Figures S4 and S5 of the Supporting Informa-
tion). In the present cases, there are two key factors of
weakening the absorbance of porphyrins: one is the host—
guest interactions between calixarenes and porphyrins; the
other is the aggregation of porphyrins.”®! As shown in Fig-
ure 1b, in the left-hand portion of inflexion, H1 and G1
form the inclusion complex with the aggregation of Gl,
which results in the decrease of the absorbance of G1 to a
great extent; whereas in the right-hand portion of inflexion,
the further addition of excess H1 is prone to separate the
aggregation of G1 (Scheme 2) because the host-guest inter-
actions between calixarenes and porphyrins are more domi-
nant than the charge interactions, and thereby leads to the
partial recovery of the absorbance of G1. The ultimate ab-
sorbance of G1 in the presence of excess H1 is still weaker
than that of solely G1, mainly arising from the host—guest
interactions.

According to the previous report,*’l free porphyrin G1
molecules do not self-aggregate at the experimental concen-
trations investigated here. The aggregated porphyrin pen-
tamers in these complex species of C1, C2, Al, and A2
should originate from the ionic self-assembly of two oppo-
sitely charged tectons,*! which is mainly contributed by
the electrostatic forces between the negative sulfonate
groups of calixarenes and the positive pyridinium groups of
porphyrins. In addition, the aggregation of porphyrins is
temperature-dependent.*!! The UV/Vis spectra of the com-
plexes/aggregates with thermoregulation showed that the
Soret bands of porphyrins present pronounced enhancement
accompanied with the increase of the measuring tempera-
ture from 15°C to 55°C (Figure 3 and Figure S6 of the Sup-
porting Information). The control experiments of single G1
and G2 with the same concentration of porphyrin units
showed no appreciable changes in the absorption spectra in
the 350-475 nm region. These results indicate that the aggre-
gation of porphyrins can be destroyed by increasing temper-
ature, which not only provides further evidence for the
structural model of the complexes/aggregates, but also illu-
minates the fact that the present supramolecular species are
able to be tuned by temperature, affording a potential ap-
proach to manipulate the compositions and structures of the
supramolecular nanoarchitectures.

AFM and SEM Images

To further give the intuitionistic

- 4 e insight into the shape, size, and
\ A = size distribution of the supra-
4 ‘\‘ _— — =g 3 . P
lHltJSt-Gl_lESt l ?harg_c S A molecular nanoarchitectures Al
nteractions nteractions . .
p— and A2, atomic force microsco-
A Side View py (AFM) and scanning elec-
] op View .
iti e ron micr EM) meas-
Transition Statel Uttimate Complex' tro croscopy (SEM) meas
\ ‘ . urements were performed. Rep-
! o ) 1 resentative AFM images of Al
! Upon addition of excess calixarenes ' . .
e s s es s s mmsssmssmsmmmnn - and A2 are shown in Figure 4

Scheme 3. The schematic illustration of the forming process of C1 from H1 and G1.
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as well as the AFM image of
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Figure 3. Absorption spectral changes of C2 ([G2]=5x10"°m) in phos-

phate buffer solution (pH 7.2, 0.1Mm) as a function of temperature. The
measurements were carried out in 5°C steps from 15 to 55°C.

C1. Employing H1 and G1 as building blocks, the resultant
C1 presents many equally distributed nanoparticles, whereas
employing H2 and G1 as building blocks, the resultant Al
presents the 2D planar netlike morphology with a size in
the micron range. Moreover, A2 fabricated from H2 and G2
tectons shows the morphology of a 1D linear array with a
length over 10 pum. All these three nanostructures have aver-
age heights of 1.5-1.7 nm, which is identical to the vertical
height of the pentamer of five aggregated porphyrins™® and
the size of p-sulfonatocalix[S]arenes.*”! The topological con-
figurations of A1 and A2 are also validated by SEM meas-
urements, further indicating the flakelike and fiberlike ag-
gregations of A1 and A2 (Figure 5).

Section Analysis
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Surface distance 55.111 nm
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Figure 4. AFM images of C1 (a), Al (b) and A2 (c).
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Figure 5. SEM images of A1l (a) and A2 (b).

Combining the AFM and SEM results together with the
aforementioned UV/Vis results, we reasonably proved the
self-assembly models between calixarenes and porphyrins
(Scheme 2). These results undoubtedly demonstrate that the
lower-rim bridged H2 provides an excellent pre-organized
structure to construct highly complex supramolecular nano-
architectures rather than simple inclusion complexes of H1
upon complexation with porphyrin guests. The design of a
bis-calixarene building block H2 with two cavities bridged at
the lower-rim leads to the formation of nanoscale assemblies
with higher dimensions, whereas H1 forms exclusively com-
plexed particles and no larger structures are observed.
Moreover, the porphyrin guests with two or four pyridinium
groups can precisely control the topologies of the supra-
molecular nanoarchitectures corresponding to the molecular
design. Upon complexation with H2, G1 with four pyridini-
um sites at all orientations enables the construction of 2D
networks, while G2 with two pyridinium sites of trans geom-
etry adapts to construct long, linear chains.

Elemental and TG Analyses

The solid-state supramolecular complexes/aggregates are
easily synthesized by neat addition and cooperative stoichio-
metric precipitation with high purity. Both calixarenes H1,
H2, and porphyrins G1 and G2 are highly water-soluble.
However, when the aqueous solutions of calixarene and por-
phyrin were mixed together, the complex species (C1, C2,
A1, A2) can be obtained by collecting the precipitations be-
cause all of them are only slightly soluble in water. The
identification results by elemental and thermogravimetric
(TG) analysis are in good accordance with the Job plots ob-
tained by UV/Vis spectroscopy. The results of element anal-
ysis also identified the binding stoichiometries between cal-
ixarenes and porphyrins in the solid-state complex species.
All four complex species are water-rich (weight percentage
13-21%), which corresponds to the single-crystal complexes
of tetrakis(hydroxycarbonylmethoxy) derivative of p-sulfo-
natocalix[4]arene with G1.”*! TG measurements (Figure S7
of the Supporting Information) also prove the high water
percentages of the obtained complexes/aggregates by ana-
lyzing their weight loss from 25°C to 350°C, a region in
which neither calixarenes nor porphyrins decompose. It is
noticed that most of the water molecules are lost after heat-
ing samples up to 300°C, which indicates that the complex
species show strong adsorbability to water molecules al-
though their water-solubility is poor.

Chem. Asian J. 2009, 4, 436 —445
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Electron Transfer Properties of the Supramolecular
Nanoarchitectures

Fluorescence Studies

The fluorescence titrations of porphyrins with calixarenes
were first performed in phosphate buffer solution (pH 7.2,
0.1M), and the representative fluorescence changes of G2
with H2 are shown in Figure 6. Differing from the UV/Vis
titrations, the fluorescence of porphyrins is quenched contin-
uously upon gradual addition of calixarenes. An excess of
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Figure 6. Fluorescence titration of G2 with H2 in phosphate buffer solu-
tion (pH 7.2, 0.1m), [G2]=5x10"°M, [H2] from 0 to 4x 10 M (8 equiv),
Aex =406 nm.

calixarenes did not give rise to a recovered fluorescence of
porphyrins but further quenched it almost to completion,
which indicates that the quenching of fluorescence is mainly
ascribed to the host—guest interactions between calixarenes
and porphyrins besides the aggregation of porphyrins. More-
over, there is no appreciable bathochromic/hypsochromic
shift on the fluorescent emission wavelengths of the por-
phyrins. The suggestion that fluorescence quenching of por-
phyrins arises from energy transfer can be disregarded be-
cause the emission bands of porphyrins (ca. 600-800 nm) do
not overlap with the absorption bands of calixarenes (280
and 288 nm). The fluorescence quenching is then ascribed to
two possible reasons: one is the electron transfer from the
calixarene moieties to the excited porphyrins;*"® the other
is the hydrogen-atom abstraction from the phenolic hydrox-
yl groups of calixarenes to the nitrogen atoms on the por-
phyrin ring.®! The possibility of the latter was rationally ex-
cluded by the control experiment of zinc porphyrin (G1-Zn)
with calixarene host H2 (Figure S9 of the Supporting Infor-
mation). Upon addition of H2, the fluorescence of G1-Zn
was also extensively quenched although there has been no
protonation site available in G1-Zn. In this regard, the pho-
toinduced electron transfer (PET) in the complex species
can be therefore postulated.

To further demonstrate the electron-transfer process exist-
ing in the supramolecular complexes/aggregates, time-re-
solved fluorescence measurements were adopted to inspect
the changes of the fluorescence lifetimes of porphyrins
before and after complexation with calixarenes. The fluores-
cence emissions of C2 and A2 are so weak that their fluores-
cence lifetimes can hardly be obtained. Taking the C1 and
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A1 cases as examples, G1 gives a single lifetime of 4.89 ns
(6*=1.2), while C1 and A1 give two lifetimes (Figure S10 of
the Supporting Information), 5.98 ns and 2.60 ns (y*=1.0)
for C1, and 5.84 ns and 2.17 ns (y*=1.2) for Al. The pres-
ence of the short lifetimes of about 2 ns adequately proved
that the electron-transfer process from calixarenes to por-
phyrin occurred in the C1 and A1 systems upon light excita-
tion.

Electrochemical Measurements

The electrochemistry experiments were performed to obtain
the oxidation potentials (E,,) of electron donors (H1 and
H2) and reduction potentials (E,4) of electron acceptors
(G1 and G2), which can be used to assess the probability of
an electron-transfer reaction. In the phosphate buffer solu-
tion (pH 7.2, I=0.1m), H1 and H2 present the oxidation
processes with half-wave potentials of 0.75 V and 0.98 V (vs
Ag/AgCl), and G1 and G2 present the reduction processes
with half-wave potentials of —0.50 V and —0.67 V, respec-
tively, as shown in Figure S11 of the Supporting Informa-
tion.

The Gibbs free energy AGpgr of an electron-transfer reac-
tion can be estimated according to the Rehm—Weller equa-
tion [Eq. (1)],

2

e
- Ered) - EOO - a (1)

AGper = e(E,y

in which Ey is the excited singlet energies of porphyrins, e
is the electron charge in Coulomb, d is the distance between
the electron donor and acceptor, and ¢ is the dielectric con-
stant of the phosphate buffer solutions (close to that of
water). Considering that ¢ of water is a large value and that
e* itself is small, the last term in Equation (1) can be ne-
glected in the estimation. The E,, and E,.4 values are the ox-
idation potentials of calixarenes and the reduction potentials
of porphyrins, respectively. E,, values can be calculated
from the maximum emission wavelengths of porphyrins,
712 nm for G1 and 639 nm for G2. Therefore, with these
known parameters E,,, E,.q, and Ey, AGppr can be calculat-
ed according to the Rehm-Weller equation, and the corre-
sponding data for each electron-transfer system are listed in
Table 1.

The negative AGypgr values in the supramolecular calixar-
ene—porphyrin systems account for the theoretical basis of
the PET process. Taking the G1 cases as examples, the elec-
tron-transfer processes in C1 and A1l can be illustrated in
the energy level diagram based on the calculated results as
shown in Figure 7.

Upon irradiation with light, one electron of the porphy-
rins is excited from the ground state to a singlet excited
state, and usually, in the absence of calixarenes, it would
relax back to the ground state accompanied with fluores-
cence emission. However, in the supramolecular calixarene—
porphyrin systems, a much more energetically favorable
pathway exists involving the electron of the calixarenes
transferring to the empty ground-state orbital of the por-
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Table 1. Gibbs Free Energy changes AGpgr of Photoinduced Electron
Transfer in the supramolecular complexes/aggregates and related param-
eters (E,, and E., are measured versus Ag/AgCl in V, and E, and
AGhgr are expressed in eV).

E(\x Ered EOO AC;PET
C1 0.75 —0.50 1.75 —0.50
Al 0.98 —0.50 1.75 —0.27
c2 0.75 —0.67 1.95 —0.53
A2 0.98 —0.67 1.95 —0.30

!(Por)*_(Bis-Calix)

{

(Por)™" (Bis-Calix)™"

1.75eV
1.48 eV

(Por)*_(Calix)

1.75eV

Y. Liu et al.

tion band in the 450-800 nm with the maximum at 470 nm,
and concurrently, a negative band (420 nm) caused by
bleaching the ground-state absorption of porphyrin. Howev-
er, in the complex species C1 and Al, the triplet state ab-
sorption of G1 was pronouncedly quenched, which indicates
that the supramolecular C1 and A1l are much less likely to
be excited to the triplet excited state, and it also confirms
the existence of PET in the supramolecular calixarene—por-
phyrin systems as a preferable process.

w\

(Por)™"_(Calix)”

Conclusions

In summary, we successfully
construct two highly complex
supramolecular  nanoarchitec-
tures with 2D netlike and 1D
linear topological structures, by
combining water-soluble bis(p-
sulfonatocalix[5]arenes) and

1.25eV

(Por)_(Bis-Calix)

Figure 7. Energy level diagram of the PET processes in C1 and Al, in which ET represents the electron trans-

fer.

phyrins rather than radiation relaxation of porphyrins. The
electron-transfer process gives rise to the charge-separated
state of the complexes/aggregates, and the metastable spe-
cies will subsequently disappear by undergoing a charge-re-
combination process, in which the electron of the porphyrin
in the excited state transfers in turn to the ground state orbi-
tal of the calixarene. Moreover, the electron-transfer process
as the dominant relaxation pathway proceeds quicker than
the corresponding photon-emission process, and thereby the
fluorescence of porphyrins is quenched to a great extent in
the supramolecular complexes/aggregates.

Triplet Transient Absorption Spectra

The deactivation of the excited triplet state is also one im-
portant route to dissipate the energy of the singlet excited
porphyrins, and therefore the triplet transient absorption
spectra were measured to investigate the quenching process
of porphyrin fluorescence. The obtained spectra of G1, Cl,
and A1l are shown in Figure 8. G1 exhibit a broad absorp-

400 500 600 700 80O
Wavelength/nm
Figure 8. The triplet transient absorption spectra of G1, C1 and Al ob-

tained upon nanosecond flash photolysis (355 nm) in nitrogen saturated
solutions.
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cationic porphyrins, respective-
ly. Besides the precursory host—
guest interactions, charge inter-
actions also play a pivotal role
in self-assembly, which make
the supramolecular aggregates easily synthesized by neat ad-
dition and cooperative stoichiometric precipitation in high
purity. The resultant nanostructures are well-ordered with
definite size, shape, and dimensions, and can be precisely
tuned by the design of complexation sites of hosts and
guests. Furthermore, in these supramolecular systems, calix-
arenes and porphyrins act not only as the interacting tectons
but also as the effective electron donor—acceptor pairs, and
an unambiguous PET process is observed. As a conse-
quence, the constructed supramolecular aggregates possess,
in principle, benign photoelectric properties with transport
of electrons between the building blocks in the nanoscale
region. These results pave the way for ‘bottom-up’ assembly
of supramolecular nanoarchitectures with potential future
applications in artificial photosynthesis as well as engineer-
ing molecular electronics and optoelectronics.

Experimental Section

Materials

5,10,15,20-tetrakis (N-methyl-4-pyridyl) porphyrin (G1) was purchased
from Sigma—Aldrich. 5, 15-di(N-methyl-4-pyridyl) porphyrin (G2)*! and
p-sulfonatocalix[5]arene (H1) were synthesized and purified according to
the literature procedures.’® Other chemicals and solvents were commer-
cially available. Column chromatography was performed on silica gel
(200-300 mesh). The phosphate buffer solution (pH 7.2, 0.1m) was pre-
pared by dissolving disodium hydrogen phosphate (Na,HPO,-12H,0,
25.79 g) and sodium dihydrogen phosphate (NaH,PO,2H,0, 4.37 g) in
distilled, deionized water (1000 mL). The pH value of the buffer solution
was verified on a Sartorius pp-20 pH meter calibrated with two standard
buffer solutions.
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Measurements

UV/Vis spectra were recorded in a conventional quartz cell (light path
10 mm) on a Shimadzu UV-2401PC spectrophotometer equipped with a
PTC-348WI temperature controller to keep the temperature at 25°C.
Atomic force microscopy (AFM) was performed using a multi-mode IITa
AFM (Veeco Metrology, USA) in tapping mode in air at room tempera-
ture, and samples were prepared by dropping an aqueous solution on
mica. SEM images were recorded on a HITACHI S-3500N scanning elec-
tron microscope. The thermogravimetric analysis was recorded with a
RIGAKU Standard type TG analyzer with a heating rate of 10°Cmin '
from room temperature to 800°C. The steady-state fluorescence spectra
were recorded on an Edinburgh Analytical Instruments FLS920 (Edin-
burgh Instruments) spectrometer, equipped with a Xe900 450W steady-
state xenon arc lamp and Red PMT with cooled housing, in a 10 mm
quartz cell at 25°C. The fluorescence lifetime measurements were per-
formed on the same instrument equipped with an NF900 nanosecond
flash lamp, using the time correlated single-photon-counting (TCSPC)
method. Typically, 5000 or 10000 counts were collected at the peak chan-
nel, and the decay curves were fitted by least-squares deconvolution with
original Edinburgh Instrument software; the quality of the parameters
were judged by the reduced y* values and the randomness of the weight-
ed residuals. The cyclic voltammetry (CV) measurements were carried
out on a BAS Epsilon electrochemical analyzer with C3-cell stand. All
solutions were prepared in phosphate buffer (pH 7.2, 0.1m) at 25°C, and
deoxygenated by purging with dry nitrogen for at least 15 min before
each experiment. The glassy carbon working electrode was polished to a
mirror with 0.05 pm BAS alumina suspension on a brown texmet polish-
ing pad, sonicated in distilled water for a few minutes to remove any re-
sidual alumina particles and then rinsed with ethanol before usage. A
platinum wire was used as the counter electrode. The measured poten-
tials were recorded with respect to an Ag/AgCl (immersed in a solution
containing 3™ sodium chloride) reference electrode. Nanosecond transi-
ent absorption spectra were performed on an LP-920 pump—probe spec-
troscopic setup. The excitation source was the unfocused third harmonic
355 nm output of a Nd:YAG laser (10 Hz, 8 ns) (Continuum surelite II);
the probe light source was a pulse-xenon lamp. The signals were detected
by Edinburgh analytical instruments (LP900) and recorded on a Tektro-
nix TDS 3012B oscilloscope and a computer.

Synthesis

Bis(p-H-calix[S]arenes): p-H-calix[5]arene (530 mg, 1.0 mmol) and
K,CO; (138 mg, 1.0 mmol) were added to anhydrous acetonitrile to
reflux for 0.5 hr. Subsequently, TsOCH,CH,OTs (160 mg, 0.43 mmol)
was added and the solution was refluxed for another 48 hrs. After being
cooled and filtered, the solution was dried under reduced pressure. The
solid obtained was subjected to a column spectrum (CH,Cl,). The white
powder of pure bis(p-H-calix[5]arenes) (216 mg, 40%) was obtained.
'HNMR (CDCl;, 300 MHz): 6=7.80 (s, 4H, ArOH), 7.60 (s, 4H,
ArOH), 7.22-7.02 (m, 20H, ArH), 6.93-6.73 (m, 10H, ArH), 4.61-4.48
(m, 8H, ArCH,Ar and OCH,CH,0), 3.82-334ppm (m, 16H,
ArCH,Ar); elemental analysis: caled (%) for (C;,HgO,)-(CH,CL):
C74.80, H 5.50; found: C 75.20, H 5.70.

Bis(p-sulfonatocalix[S]arenes) (H2): H2 was obtained according to the
procedure similar to literature process.’” Bis(p-H-calix[5]arenes)
(542 mg, 0.5 mmol) conc. H,SO, (3 mL, 98%) was stirred at 50°C for
24 hrs. After being cooled to room temperature, the solution was added
to diethyl ether dropwise, and the resulting solid was obtained by filtra-
tion and washed twice with diethyl ether. The crude product in sulfonic
acid form was dissolved in a little water (10 mL), and the solution was
adjusted to pH 5 by titration with sodium hydroxide (1m). Treatment of
the crude solution with ethanol precipitated the sodium sulfonate of bis-
(calix[S]arenes), followed by recrystallization with water/ethanol and
dried under vacuum overnight, giving the pure product of H2 (932 mg,
75%). 'HNMR (D,O, 400 MHz): 6 =7.58-7.30 (m, 20H, ArH), 4.53-4.47
(m, 8H, ArCH,Ar and OCH,CH,O), 3.80-3.37ppm (m, 16H,
ArCH,Ar). Elemental analysis: calcd (%) for (C,;Hs5,040S0Nayp)-(H,O),;-
(H,SO,),: C32.24, H3.68; found: C31.93, H3.52; Atomic Absorption
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Spectrophotometer (AAS): caled (%) for (C;,Hs5040S0Nayg)-(H,0)y0
(H,SO,),: Na 8.57; found: 8.85.

Supramolecular Complex C1: H1 (10.4 mg, 0.01 mmol) and G1 (13.6 mg,
0.01 mmol) was each dissolved in distilled, deionized water (3 mL). The
two solutions were mixed and stirred for 2 hrs, giving a brown precipitate
of complex C1. The precipitate was separated by centrifugation, washed
with water twice and dried under vacuum at 60°C, and was further char-
acterized by AFM, TG, and elemental analysis. Elemental analysis: calcd
(%) for (CssH,504S5),(CyyHyNy)s:(H,0)gr: C49.90, H5.40, N 6.47;
found: C 50.46, H 5.93, N 6.15.

Supramolecular Aggregate Al: H2 (13.4mg, 0.005mmol) and G1
(13.6 mg, 0.01 mmol) were each dissolved in distilled, deionized water
(3mL). The two solutions were mixed and stirred for 2 hrs, giving a
brown precipitate of aggregate Al. The precipitate was separated by cen-
trifugation, washed with water twice and dried under vacuum at 60°C,
and was further characterized by AFM, SEM, TG, and elemental analy-
sis. Elemental analysis: caled (%) for (C;,Hs5;040S0) (CayHagNg)s
(H,0),05: C48.36, H 5.62, N 6.20; found: C 48.65, H 5.58, N 6.69.

Supramolecular Complex C2: H1 (10.4 mg, 0.01 mmol) and G2 (16.9 mg,
0.02 mmol) were each dissolved in distilled, deionized water (3 mL). The
two solutions were mixed and stirred for 2 hrs, giving a brown precipitate
of complex C2. The precipitate was separated by centrifugation, washed
with water twice and dried under vacuum at 60°C, and was further char-
acterized by TG and elemental analysis. Elemental analysis: calcd (%)
for (CssH,50,0S5),'(Ca,HpeNg)s (H,O)35: C55.75, H5.09, N 8.48; found:
C55.13, H5.73, N 8.63.

Supramolecular Aggregate A2: H2 (13.4mg, 0.005mmol) and G2
(21.1 mg, 0.025 mmol) was each dissolved in distilled, deionized water
(3mL). The two solutions were mixed and stirred for 2 hrs, giving a
brown precipitate of aggregate A2. The precipitate was separated by cen-
trifugation, washed with water twice and dried under vacuum at 60°C,
and was further characterized by AFM, SEM, TG, and elemental analy-
sis. Elemental analysis: calcd (%) for (C;,Hs,040S10)-(Cs,HasNe)s-(H,0)40:
C54.56, H5.25, N 8.23; found: C 54.58, H5.71, N 8.69.
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Bridging M—Cl Bonds with Ambiphilic Phosphine-Borane Ligands
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Karinne Miqueu,*'‘! and Didier Bourissou*'*!

Abstract: A combined experimental/
theoretical study provides insight into
the bridging coordination of M—Cl
bonds with the ambiphilic phosphine—
borane ligands  iPr,P-o(C¢H,)-BR,
(PBCy,: R=Cy; PBMes,: R=DMes).
Reaction of [PdCl(allyl)(PBCy,)] (3)
with HCI affords the related dinuclear
complex [PdCl(u-C1)(PBCy,)], (5).
Subsequent cleavage of the chloride
bridge by PPh; leads to the heterolep-
tic mononuclear complex trans-[PdCl,
(PPh;)(PBCy,)] (6). The solid-state
structures of complexes 5 and 6 sub-
stantiate the propensity of the PBCy,

ligand to bridge Pd-Cl bonds via P—
Pd—Cl—B interactions. DFT -calcula-
tions carried out on both the model
mononuclear complexes 3* and 6*
reveal that in each system the energy
of the linkage isomer with a CI—B in-
teraction is very similar to that without.
A comparison of the solution and
solid-state ''B NMR spectroscopic data

Keywords: ambiphilic ligands
boranes - density functional calcula-
tions + NMR spectroscopy - X-ray
diffraction

for complexes 3 and 6 suggests the pos-
sible interconversion of the bridging
and B-pendant forms in solution.
Bridging coordination of the PBCy,
ligand across a Rh—Cl bond is observed
in the solid-state structure of the relat-
ed complex [RhCl(nbd)(PBCy,)] (7).
Replacement of the Cy groups at
boron by Mes substituents illustrates
the role of steric factors on the partici-
pation of the Lewis acid upon coordi-
nation, no Cl—B interaction being ob-
served in the complex [PdCl(allyl)-
(PBMes,)] (8).
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[

[c

—
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Introduction

Over the last few years there has been an ever-growing in-
terest in the use of ambiphilic compounds as ligands for
transition metals.'”7 By varying the nature of the donor
(phosphine, pyridine) and acceptor (borane, alane) sites, dif-
ferent coordination modes of such ligands have been estab-
lished (Figure 1). In particular, the presence of donor but-
tresses has been exploited to support M—borane interac-
tions (coordination mode I),5'% thereby affording a better
understanding of the properties of the o-acceptor bonding
component. The introduction of a pendant Lewis acid (coor-
dination mode MM in the secondary coordination sphere,
potentially susceptible to interaction with a substrate or a
co-ligand, has also been illustrated. Furthermore, a small
number of complexes have been prepared that substantiate
the ability of ambiphilic ligands to bridge M—X bonds (coor-
dination mode IH).1%¢¢12l Such a bridging coordination
mode represents a preliminary stage in the intramolecular
activation of M—X bonds,™® which can ultimately form zwit-
terionic complexes (coordination mode IV), as the result of
X abstraction from the metal by the Lewis acid.'!

Herein we report a combined experimental/theoretical
study focused on the bridging coordination of the ambiphilic

Chem. Asian J. 2009, 4, 428435
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Figure 1. Different coordination modes of ambiphilic ligands with repre-
sentative examples utilising phosphine-boranes (BR,=BCy, or 9-BBN).

ligand iPr,P-o(C,H,)-BCy, (referred to as PBCy,) across
Pd—Cl and Rh—Cl bonds. The solid-state structures of [PdCI-
(-CH(PBCy,)], (5), trans-[PdCl,(PPh;)(PBCy,)] (6), and
[RhCl(nbd)(PBCy,)] (7) illustrate the propensity of PBCy,
to engage in bridging P—-M—Cl—B interactions. The coordi-
nation modes with and without Cl—B interaction are pre-
dicted computationally to be very close in energy, with
"B NMR data supporting the possible interconversion of
the two forms in solution. Additionally, the influence of
steric factors on the participation of the Lewis acid within a
metal’s coordination sphere has been investigated using the
more sterically demanding ligand iPr,P-o(C4H,)-BMes, (re-
ferred to as PBMes,).

Results and Discussion

Synthesis andCharacterization of the Palladium Complexes
[PACI(u-Cl)(PBCy,)], (5) and frans-[PdClL(PPh,)(PBCy,)]
(6)

Complex 3, readily prepared from PBCy, and [Pd(p-Cl)-
(allyl) ], reacted cleanly with HCI at room temperature
in CH,Cl,. After 24 h, the reaction was complete and the di-
nuclear complex [PACI(u-Cl)(PBCy,)], (5) was subsequently
isolated as a white powder in 59% yield (Scheme 1). The
loss of the allyl ligand is readily apparent from the '"H NMR
spectrum of 5, with the *'P NMR signal observed at 6=
60.3 ppm being indicative of the retention of the PBCy,

4 et 4 -

HCI (excess) PPh; (1 equiv)

iPr,P, BC DOM. RT iPr,P, BC _DCM, RT, iProP BC
IPr iPr; 1Pr;
R g TR P2 ey 2 ¥2
\KF”d*CI CI/Pld*CI Cl-Pd—Cl

3 EiEa- PPh, 6

Scheme 1. Synthesis of the palladium complexes [PdCl(u-Cl)(PBCy,)],
(5) and trans-[PdCL,(PPh;)(PBCy,)] (6).
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ligand in the coordination sphere of palladium. However, no
"B NMR signal could be detected from a solution of 5.

To gain greater insight into the precise structure of com-
plex 5, crystals suitable for study by X-ray diffraction
(XRD) were grown from a CH,CI, solution at —40°C. The
resulting molecular structure is shown in Figure 2, with se-

Figure 2. Molecular structure of the palladium complex [PdCl(p-Cl)-
(PBCy,)], (5) with hydrogen atoms and solvate molecules omitted.

lected geometric data collected in Table 1. Complex 5§
adopts a centrosymmetric and planar™ chloro-bridged
structure in the solid state. The palladium center is ligated
by one phosphorus and three chlorine atoms, which are or-
ganized in a perfectly planar arrangement (ZPd,=360°).
The chloride ligand not involved in the [Pd(u-Cl)], bridge
interacts with the boron atom so that the PBCy, ligand re-
tains its ambiphilic bridging coordination toward the Pd—Cl
bond. Notably, the CI-B bond distance determined for §
(2.334(7) A) is substantially greater than that of 3
(2.165(2) A).1 Along with the less pyramidalized environ-
ment around boron (£B,=353.7° in 5 vs. 349.1° in 3), these

Table 1. Geometric data (bond lengths and angles in A and °, respective-
ly) determined experimentally for complexes 3,5-8 and computed at the
B3PW91/SDD(Pd,Rh),6-31G**(other atoms) level of theory for model
complexes 3*,6%-8*.

P-M M—Cl Cl-B 3B, AGy"
3  Xeray bridging  2.296(1) 2.352(1)  2.165(2) 349.1
3* DFT bridging  2.303 2.366 2.123 3409 0
3* DFT B-pendant 2.323 2.370 4.568 3582 —4.9
5 X-ray bridging  2233(2) 2.263(2)% 2.334(7) 353.7
2.324(2)
2.433(2)
6 X-ray bridging  2.348(1) 2.280(1)F 2.109(4) 343.5
2.304(2)
6* DFT bridging  2.334 2.324 2.155 3446 0
2.335
6* DFT B-pendant 2.361 2.334 4.339 3584 35
2342
7 Xeray bridging  2.298(1) 2.344(1)  2.117(2) 342.6
7+ DFT bridging  2.037 2.385 2.144 3429 0
7+ DFT B-pendant 2.312 2.359 3.897 3584 3.0
8 X-ray B-pendant 2.334(2) 2.370(1)  4.381(5) 358.9
8 DFT B-pendant 2.327 2.362 5.306 359.3

[a] Pd—CI bond engaged in Cl—B interaction.” Calculated at 298.15 K.
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observations suggest some weakening of the Cl—B interac-
tion following loss of the allyl ligand and subsequent Pd—Cl
bridge formation.

Complex 5 was then reacted with PPh;, a representative
Lewis base capable of cleaving the [Pd(u-Cl)], bridge and/or
the Cl—B interaction.l"! The reaction proceeds readily at
room temperature in CH,Cl, and affords selectively the het-
eroleptic mononuclear complex 6, isolated in 93 % yield as a
pale yellow solid. The two doublets observed in the
P NMR spectrum of 6 (6=34.8 and 20.0 ppm, %J(PP)=
497.2 Hz) are diagnostic of the trans coordination of the two
phosphines to the Pd center.'"” As for its precursor 5, no
"B NMR resonance signal could be detected in solution for
6. This prompted us to characterize further the mononuclear
complex 6 by solid-state NMR spectroscopy. The *'P NMR
spectrum (two doublets at 6=34.6 and 23.6 ppm, %J/(PP)=
488 Hz) mirrors that obtained in solution, whereas the
"B NMR spectrum presents a distinct signal at =22 ppm.
The latter value is identical to that found for the bridging
N—Ru—Cl—B coordination of the [RuCl,(cymene)] frag-
ment by the pyridine-borane ligand (2-picolyl)BCy, (6 ''B =
22 ppm in CD,Cl, solution),'*!! suggesting the retention of
the C1—B interaction in 6.

To confirm this bonding situation, crystals of 6 were
grown from a CH,Cly/pentane mixture at —40°C, and an
XRD analysis was carried out (Figure 3). The palladium

Figure 3. Molecular structure of the palladium complex trans-[PdCl,
(PPh;)(PBCy,)] (6) with hydrogen atoms and solvate molecules omitted.

center adopts a near-perfect trans square-planar geometry
(2Pd,=359.8°, CI-Pd-Cl=175.17(4)°, P-Pd-P=177.43(4)°).
One of the two chloride ligands interacts with the boron
atom (B-Cl=2.109(4) A, =B, =343.5°). The replacement of
the chloride-bridge by the more basic PPh; ligand on going
from complex 5 to 6 results in a substantial strengthening of
the Cl—B interaction. Notably, complexation of the Lewis
acid moiety does not noticeably affect the Pd—Cl bond
lengths in 6 (2.280(1) A for the Pd—Cl bond engaged in
Cl—B interaction vs. 2.304(1) A for the other Pd—Cl bond).
This situation is reminiscent of those encountered in the
[TpOsCL(N(Ph)BPh,)]  (Ado<0.07 A) and  [p-
(cymene)RuCl,(picoBCy,)] (Adgye <0.05 A)12 complexes.
In fact, to date, substantial elongation of an M-CI bond
upon coordination to a Lewis acid has only been observed
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with very electrophilic moieties such as in [Cp{Cp(B-
(CeFs),) TiCly] (Adp=0.14 A)-[lzb]

At this point, the solution-state ''B NMR spectroscopic
data for complex 3 deserve some comment. Indeed, the res-
onance signal observed for 3 in CDCl; (0 =47 ppm) is signif-
icantly shielded compared to that of the free ligand PBCy,
(0=176 ppm),'® but appears at noticeably higher frequency
than that of the related complex 6 (6 =22 ppm in the solid-
state). By analogy with the situation encountered for di- and
tri-phosphine-borane ligands,"® it was envisaged that the in-
termediate "B NMR chemical shift of 3 could result from
an equilibrium between the bridging and B-pendant forms,
namely coordination modes III and II, respectively. To fur-
ther explore this possibility,'’ DFT calculations were car-
ried out.

DFT Calculations on the Palladium Complexes
[PACl(allyl)(PBCy,)] (3*) and trans-[PdCl,(PMe;)(PBCy,)]
(6%)

Calculations were performed at the B3PW91/SDD(Pd),6-
31G**(other atoms) level of theory that has already proved
appropriate for transition-metal complexes featuring ambi-
philic ligands."™ The model mononuclear complexes 3*
and 6* retain the Cy substituents at the boron atom, but fea-
ture Me instead of iPr/Ph groups at the phosphorus atoms.
For each complex, an energy minimum associated with the
linkage isomer with P—Pd—Cl—B bridging coordination
was located on the potential energy surface (PES). The opti-
mized geometries (Figure 4, Table 1) are in very good agree-
ment with those observed crystallographically (key bond dis-
tances are reproduced with an error of less than +0.05 A),
indicating the reliability of the computational method used.
Natural bond orbital (NBO) analyses further substantiated
the presence of significant Cl—B interactions. Indeed, a

3* B-pendant

3* bridging

6* B-pendant

Figure 4. Optimized structures of the bridging and B-pendant forms of 3*
and 6*.

Chem. Asian J. 2009, 4, 428435





Bridging M—Cl Bonds with Ambiphilic Phosphine-Borane Ligands

strongly polarised CI-B bond (20.1% B/79.9% Cl) was
found at the first-order in 3*, and a strong Cl—B interaction
(ca. 108 kcalmol ') was found at the second-order donor-ac-
ceptor perturbation level in 6*. Following rotation around
the P—Pd bond, another minimum corresponding to the B-
pendant coordination mode II of the ambiphilic ligand was
found for both complexes. The long Cl---B and Pd---B distan-
ces (>3.7 A), and the replanarization of the boron environ-
ments (2B, ca.360°) rule out any significant Cl—B and
Pd—B interaction. A comparison of the NPA atomic charg-
es (Table 2) for the bridging and B-pendant forms indicates

Table 2. Atomic charges, as derived from natural population analyses
(NPA), computed for model complexes 3*, 6*, and 7*.

q(P) q(M) q(C1) q(B)
3% bridging 1.07 0.37 —-0.26 0.65
3% B-pendant 1.04 0.38 —0.61 1.02
6* bridging 1.10 0.28 —0.24, —0.53 0.69
6+ B-pendant 1.08 0.32 —0.54, —0.55 1.02
7+ bridging 1.16 0.09 —0.24 0.67
7% B-pendant 1.14 0.09 —0.54 1.02

that the Cl1—B interaction is associated with a formal trans-
fer of about 0.4 of an electron from Cl to B for 3* and 0.3 of
an electron for 6*. As a consequence, the Pd—Cl—B bridg-
ing creates a charge asymmetry between the two chloride li-
gands of 6* (the atomic charge of the chloride engaged in
the interaction with the borane is —0.24 vs. —0.53 for the
other chloride). Notably, the net charge at the metal center
remains unchanged upon coordination of the chloride ligand
to the Lewis acid.

For both complexes 3* and 6*, the bridging and B-pend-
ant forms lie very close in energy (AG,=4.9 and 3.5 kcal
mol ' for 3* and 6%, respectively), supporting the hypothesis
of an equilibrium between these two coordination modes in
solution. This has been further corroborated by computing
the "B NMR chemical shifts of both forms of the model
complex 3* using the GIAO method. The value predicted
for the bridged structure (6 =17 ppm) agrees nicely with the
chemical shift determined experimentally in the solid state
for 6 (6=22 ppm), whereas that estimated for the B-pend-
ant form (6 =79 ppm) is comparable to that measured for
the free ligand PBCy, (0 =76 ppm). The value obtained in
CDCl; solution for 3 (6 =47 ppm) is thus intermediate be-
tween those computed for the bridging and B-pendant
forms, in line with the coexistence of the two coordination
modes in solution.

Synthesis, Characterization, and DFT Calculations of the
Rhodium Complex [RhCl(nbd)(PBCy,)] (7)

To further probe the propensity of the phosphine-borane
ligand PBCy, to bridge M-Cl bonds, it was reacted with [Rh-
(u-Ch(nbd)],  (nbd=2,5-norbornadiene) in  CH,Cl,
(Scheme 2). The resulting rhodium complex [RhCl(nbd)-
(PBCys,)] (7) was isolated in 62% yield as an orange solid.
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15 [Rh(u-Cly(nbd)},
DCM, RT

iPryP BCy, iPrZP\ /BCyz

R—/Rh—CI .

Scheme 2. Synthesis of the rhodium complex [RhCl(nbd)(PBCy,)] (7).

62%
PBCy,

The coordination of the phosphorus atom to the rhodium
center was indicated unambiguously by the *P NMR spec-
trum (doublet at 6=32.5 ppm, 'J(P,Rh)=160 Hz), whereas
retention of the norbornadiene co-ligand was apparent from
the 'H and “C NMR spectra. As for the Pd complexes 5
and 6, no "B NMR signal could be detected in solution for
7, and thus solid-state NMR spectroscopy was carried out to
shed more light onto the coordination mode of the PBCy,
ligand. The *'P NMR spectrum (doublet at §=32.5 ppm, 'J-
(P,Rh)=160+4 Hz) agreed well with that measured in solu-
tion, whereas the signal observed at =26 ppm in the
"B NMR spectrum mirrored that found for the mononu-
clear complex 6, consistent with P—Rh—CIl—B bridging co-
ordination in 7.

To confirm further this bonding situation, single crystals
of 7 suitable for XRD analysis were grown from a saturated
CH,(l, solution at —40°C (Figure 5). The complex indeed

Figure 5. Molecular structure of the rhodium complex [RhCl(nbd)-
(PBCy,)] (7) with hydrogen atoms omitted.

adopts a six-membered ring structure as the result of the
bridging coordination of the Rh-Cl unit by the ambiphilic
ligand. The strong Cl—B interaction is supported by the
short CI-B distance (2.117(2) A) and the noticeable pyra-
midalization of the boron center (B, =342.6°).

DFT calculations were carried out at the B3PW91/
SDD(Rh),6-31G**(other atoms) level of theory on the
model complex 7* featuring Me instead of iPr substituents
at the phosphorus atom. Two minima were found on the
PES (Figure 6). The first minimum agreed well with the
bridged geometry observed in the XRD analysis, whereas
the second, featuring long B--Cl and Rh--B distances (>
3.7 A), corresponds to the B-pendant form. NBO analyses
revealed the presence of a strong Cl—B interaction in the
bridged structure at the second-order perturbation level (ca.
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7* bridging

7* B-pendant

Figure 6. Optimized structures of the bridging and B-pendant forms of
T*.

215 kcalmol ™), accompanied by a formal transfer of 0.3 of
an electron from the chloride to the boron atom. In con-
trast, no modification of the atomic charge at the rhodium
center of 7* was observed (as deduced from a comparison
of the NPA charges computed for the two minima). For the
model complex 7%, the B-pendant form is only 3.0 kcalmol
higher in energy than its bridged counterpart, suggesting
once again a possible equilibrium between both coordina-
tion modes in solution. Furthermore, very good agreement
was found between the "B NMR chemical shift computed
for the bridging form of 7* (6=25ppm) and that deter-
mined experimentally in the solid-state for 7 (0 =26 ppm),
while a chemical shift at much higher frequency was predict-
ed for the B-pendant structure of 7% (0 =75 ppm).

Synthesis, Characterization, and DFT Calculations of the
Palladium Complex [PdCl(allyl)(PBMes,)] (8)

Finally, the role of steric factors on the participation of the
Lewis acid moiety was assessed through study of the related
PBMes, ligand®” featuring mesityl instead of cyclohexyl
groups at the boron atom. No reaction occurred with [Rh(u~
Cl)(nbd)],, but [Pd(p-Cl)(allyl)], was readily cleaved by
PBMes, in CH,Cl, at room temperature to give the corre-
sponding mononuclear complex 8, isolated in 42 % yield as
a yellow solid (Scheme 3). The coordination of the phospho-
rus atom was unambiguously established by *'P NMR spec-
troscopy (6=>50.8 ppm), whereas the "B NMR chemical
shift determined for the complex (6=73 ppm in CDCl,) is
very similar to that of the free ligand (6 =76 ppm), suggest-
ing negligible, if any, participation of the borane in the coor-
dination.

Single crystals of 8 were grown from a mixed Et,O/THF
solution at —40°C (Figure 7). The XRD analysis confirmed
that the ambiphilic ligand adopts a B-pendant arrangement
(coordination mode IIT). The phosphorus atom is coordinat-
ed to the metal center, but the Cl-B (4.381(5) A) and

¥, [Pd(u-Cly(allyl)],

] DCM, RT
iPr,P BMes, ————— iPry,P BMes,
42% Pd—ClI
PBMes, K 8

Scheme 3. Synthesis of the palladium complex [PdCl(allyl)(PBMes,)] (8).
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Figure 7. Molecular structure of the palladium complex [PdCl(allyl)-
(PBMes,)] (8) with hydrogen atoms omitted.

Pd--B (3.850(5) A) distances are far too long for any sub-
stantial bonding interaction between the borane and the
metal fragment. Moreover, the geometry at boron deviates
only marginally from planarity (£B,=2358.9°). Notably, one
of the mesityl rings is orientated near-parallel to the metal
square plane, but the palladium—carbon distances are too
long (>3.5 A) to be associated with any m-type interaction,
as has been observed in complexes derived from biarylphos-
phines.!

To gain more insight into the lack of any Cl—B interac-
tion in 8, DFT calculations were performed on the model
complex 8* featuring Me instead of iPr groups at the phos-
phorus atom. An energy minimum associated with the B-
pendant form was found on the PES (Table1). The
"B NMR chemical shift computed for the optimized struc-
ture (0 =68 ppm) is in good agreement with that measured
experimentally in solution (6 =73 ppm). Despite extensive
effort and regardless of the initial geometry, no minimum
corresponding to a bridging form featuring a C1—B interac-
tion could be located in this model system. The greater
steric hindrance of the mesityl groups is likely to prevent
participation of the Lewis acid.*!]

Conclusions

These results provide insight into the bridging coordination
of M—CI bonds with phosphine-borane ligands. The solid-
state structures of complexes 3, 5, and 6 illustrate the pro-
pensity of the ambiphilic ligand PBCy, to bridge Pd—Cl
bonds, and the ability of C1—B interactions to persist in the
presence of HCI as well as PPh;. DFT calculations substanti-
ate the presence of strong Cl—B interactions associated
with a formal transfer of about 0.3 to 0.4 of an electron. Fur-
thermore, the bridging and B-pendant coordination modes
are predicted to be very close in energy, and their possible
coexistence in solution is suggested by the comparison of
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the solution and solid-state ''B NMR spectroscopic data for
complexes 3 and 6.7 The related rhodium complex 7 exhib-
its similar bridging coordination of the PBCy, ligand across
the Rh—Cl bond in the solid-state. Finally, the B-pendant ar-
rangement adopted by the palladium complex 8 deriving
from PBMes, illustrates the role of steric factors in the coor-
dination, or not, of the Lewis acid.

Arising from their ability to adopt various coordination
modes, which can even interconvert, phosphine-boranes are
particularly versatile ligands. Further investigations in this
area will aim to provide evidence for the possible coexis-
tence of the zwitterionic form IV with another coordination
mode. Together, these studies will provide a precise under-
standing of the coordination properties of ambiphilic li-
gands, something that will facilitate the incorporation of
these metal scaffolds into catalytic systems in the future.

Experimental Section

General

All reactions and manipulations were carried out under an atmosphere
of dry argon using standard Schlenk techniques. THF and diethyl ether
were dried over sodium/benzophenone, CH,Cl, was dried over P,Os, and
pentane was dried over CaH, and distilled prior to use. 'H, *C, "B, *'P,
and '“Rh NMR spectra were recorded on Brucker Avance 300 or AMX
500 spectrometers. Chemical shifts are expressed with a positive sign, in
parts per million, relative to residual 'H and "*C solvent signals, external
BF;-OEt,, 85% H,;PO,, and £=3.186447 MHz, respectively. Solid-state
NMR spectra were recorded on a Varian VNMRS 400 spectrometer (ref-
erencing is as for solution). Whatever the conditions of acquisition, no
"B NMR resonance signal could be detected in solution for complexes 5,
6, and 7. The solid-state boron isotropic chemical shifts were determined
from a numerical simulation of the bandshape using the Varian STARS
software. Unless otherwise stated, NMR spectra were recorded at 20°C.
Mass spectra were recorded on a Hewlett Packard 5989 A. The PBCy,
and PBMes, ligands and the [PdCl(allyl)(PBCy,)] complex 3 were pre-
pared following published procedures.[!%

Syntheses

[PACI(p-Cl)(PBCy,)], (5): To a suspension of complex 3 (2.10g,
3.80 mmol) in CH,Cl, (10 mL) at room temperature was added an excess
of HCl in Et,O solution (18.9 mL, 2m, 37.8 mmol). After subsequent stir-
ring for 24 h, the solution was filtered off. The volatiles were removed
and the solid was washed with CH,Cl, (2¥10 mL). Complex 4 was ob-
tained as a white powder (1.23 g, 59 % yield). Colorless crystals suitable
for X-ray crystallography were obtained from a CH,Cl, solution at
—40°C; m.p. 157-159°C; *'P{"H} NMR (202.5 MHz, CDCl;, —30°C): 6 =
60.3; “C{'H} NMR (125.8 MHz, CDCl,;, —30°C): 6=159.0 (d, 2/(P,C)=
144 Hz; BC,,,), 132.9 (d, J(P.C)=14.4 Hz; CH,,), 130.3 (d, J(P.C)=
6.6 Hz; CH,om), 129.2 (s; CHgom), 1244 (d, J(PC)=10.5Hz; CH,/om),
1232 (d, J(P,C)=56.3 Hz; PC,,,), 30.6 (br; Cy), 30.1 (s; Cy), 29.3 (s;
Cy), 28.3 (s; Cy), 27.6 (s; Cy), 27.0 (d, 'J(P,C)=18.3 Hz; CH iPr), 19.2 (s;
Cy), 18.6 ppm (br; CHj; iPr); 'H NMR (500.3 MHz, CDCl,, —30°C): 6=
7.51 (dd, *J(H,H)=7.6 Hz, “J(PH)=3.9 Hz, 1H; H,,om), 7.40 (pseudo-t,
*J(H,H)=7.6 Hz, 1H; Hyom), 7.35 (pseudo-t, *J(H,H)=>/(P,H)=7.6 Hz,
1H; Hyom), 7.19 (pseudo-t, *J(H,H)=7.6 Hz, 1H; H,m), 2.59 (br, 2H;
CH iPr), 2.22 (m, 2H; Cy), 1.81 (m, 2H; Cy), 1.71 (m, 2H; Cy), 1.61 (m,
2H; Cy), 1.30-1.48 (m, 10H; Cy), 1.24 (dd, *J(H,H)=6.7 Hz, *J(PH) =
15.4 Hz, 12H; CH; iPr), 1.17 (m, 2H; Cy), 1.12 ppm (m, 2H; Cy).

trans-[PdCl,(PPh;)(PBCy,)] (6): To a suspension of complex 4 (145 mg,
0.13 mmol) in CH,Cl, (SmL) at room temperature was added PPh;
(65 mg, 0.25 mmol, 3 mL) in CH,Cl, solution (3 mL). After 15 min, the
volatiles were removed and the solid was extracted with Et,O. Colorless
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crystals of 6 (103 mg, 98 %) suitable for X-ray crystallography were ob-
tained from a CH,Cl,/pentane solution at —40°C; m.p. 171°C;
S'P{'H} NMR (202.5 MHz, CDCly): 6 =34.8 (d, 2/(P,P)=497.2 Hz, PiPr,),
20.0 (d, %J(P,P)=497.2 Hz, PPh;); *'P{'H} NMR (161.9 MHz, solid state):
0=34.6 (d, 2J(PP) =488 Hz, PiPr,), 23.6 ppm (d, %J(P,P) =488 Hz, PPh;);
"BNMR (1283 MHz, solid state): o0=22ppm; “C{'H} NMR
(125.8 MHz, CDCL): 6=161.0 (d, *J(P,C)=18.6 Hz; BC,,,), 135.0 (d, J-
(PC)=10.6 Hz; CH,,,, Ph;P), 133.0 (d, J(P.C)=12.7 Hz; CH,,,n,), 131.0
(dd, J(PC)=6.7Hz, J(P.C)=4.4Hz; CH,,, PhsP), 130.6 (d, J(P.C)=
2.0 Hz; CH,;om Ph3P), 129.0 (dd, 'J(P,C)=42.5 Hz, *J(P,C)=3.3 Hz; PC,,,
Ph;P), 128.3 (d, J(P,C)=10.4 Hz; CH,,,, Ph;P), 128.2 (br; CH,,,, Ph;P),
125.8 (dd, J(P,C)=41.5 Hz, *J(PC)=4.6 Hz; PC,,,), 123.5 (d J(P.C)=
5.7Hz; CH,pom), 35.0 (s; Cy), 31.1 (s; Cy), 30.4 (s; Cy), 29.1 (s; Cy), 28.7
(s; Cy), 27.7 (s; Cy), 26.0 (d, 'J(P,C) =22.0 Hz; CH iPr), 19.8 (d, %J(P,C) =
3.7 Hz; CHj; iPr), 19.2 ppm (br; CH; iPr); '"H NMR (500.3 MHz, CDCl;):
0="7.71 (m, 6H; H,op), 7.53 (m, 1H; H,.p), 7.51-7.46 (m, 9H; H,.n),
732 (m, 2H; Hyon), 7.15 (m, 1H; H,on), 3.09 (septd, *J(H,H)=6.9 Hz,
2J(PH)=4.3 Hz, 2H; CH iPr), 2.12 (m, 2H; Cy), 1.69-1.56 (m, 6H; Cy),
1.45 (m, 2H; Cy), 1.35 (dd, *J(H,H)=6.9 Hz, *J(P,H) =17.5 Hz, 6 H; CH,
iPr), 1.30 (dd. *J(H,H)=6.9 Hz, *J(P.H)=13.8 Hz, 6 H; CH; iPr), 1.10 (m,
6H; Cy), 0.97 (m, 2H; Cy), 0.87 ppm (m, 4H; Cy).

[RhCl(nbd)(PBCy,)] (7): To a solution of ligand PBCy, (258 mg,
0.70 mmol) in CH,Cl, (7 mL) at —78°C was added a solution of [Rh(p-
Cl)(nbd)], (160 mg, 0.35 mmol) in CH,Cl, (7mL). The solution was
warm to room temperature within 1h. Orange crystals of 7 (260 mg,
62 %) suitable for X-ray crystallography were obtained from a saturated
solution of CH,Cl, at —40°C; m.p. 172-174°C. *'P{'H} NMR (202.5 MHz,
CDCl;, 0°C): 6=325ppm (d, J(RhP)=160.0Hz); *'P{'H}NMR
(161.9 MHyz, solid state): 6 =32.5 ppm (d, 'J(Rh,P) =160.0 Hz); ''B NMR
(128.3 MHz, solid state): 0=26 ppm; '“Rh NMR (202.5 MHz, CDCl,,
0°C): 6 =-7720; “C{'H} NMR (125.8 MHz, CDCl;, 0°C): § =160.1 (d, /-
(P,C)=18.5Hz; BC,,,), 1322 (d, J(P.C)=129 Hz; CH,qm), 130.9 (s;
CH,om), 129.7 (d, J(PC)=37.3 Hz; PC,,,), 127.7 (d, J(PC)=2.5Hz;
CH,om), 123.9 (d, J(P,C)=6.3 Hz; CH,,,,), 81.4 (dd, J(Rh,C)=5.5 Hz, J-
(P,C)=10.7 Hz; CH,jjep. nbd), 64.0 (d, J(Rh,C)=4.9 Hz; CH, nbd), 52.4
(d, J(Rh,C)=12.6 Hz; CH,j, nbd), 50.9 (d, J(P,C)=1.3 Hz; CH nbd),
36.4 (s; Cy), 32.0 (s; Cy), 30.6 (s; Cy), 29.2 (s; Cy), 29.1 (s; Cy), 27.9 (s;
Cy), 26.5 (d, 'J(P,C)=21.6 Hz; CH iPr), 20.3 (d, *J(P,C)=3.8 Hz; CH,
iPr), 18.9 ppm (s; CH; iPr); '"H NMR (500.3 MHz, CDCl;, 0°C): 6=7.35
[(pseudo-t)d, *J(HH)=*/(PH)=7.9 Hz, /(H,H)=1.5Hz, 1H; H,on],
732 (ddd, *J(HH)=79Hz, °J(PH)=39Hz, “J(HH)=15Hz, 1H;
Hom)> 7-26 [(pseudo-t)t, *J(H,H)=7.9 Hz, *J(PH)=1.5Hz, “/(H,H)=
1.5Hz, 1H; Hgm], 7.09 [(pseudo-t)t, *J(HH)=7.9 Hz, *J(P,H)="J-
(H.H)=1.5Hz, 1H; H,,,n], 4.96 (m, 2H; CH, ;. nbd), 3.85 (m, 2H; CH
nbd), 3.70 (m, 2H; CH,.,. nbd), 2.34 (brd, J(H,H)=11.7 Hz, 2H; Cy),
1.91 (septd, 2J(PH)=7.3 Hz, *J(H,H)=7.1 Hz, 2H; CH iPr), 1.80 (brd, J-
(H.H)=12.0 Hz, 2H; Cy), 1.71 (m, 6H; Cy), 1.49 (m, 1H; CH, nbd),
1.44 (m, 1H; CH, nbd), 1.34-1.22 (m, 8H; Cy), 1.21 (m, 2H; Cy), 1.20
(dd, *J(PH)=15.8 Hz, *J(H,H)=7.1 Hz, 6H; CH, iPr), 1.18 (dd, *J-
(PH)=13.1 Hz, *J(H,H)=7.1 Hz, 6H; CH; iPr), 1.10 ppm (m, 2H; Cy).
Elemental analysis calcd (%) for C;;H,sBCIRhP: C 61.97, H 8.05; found:
C61.12, H8.52.

[PdCl(allyl)(PBMes,)] 8: A suspension of [Pd(u-Cl)(allyl)], (84 mg,
0.23 mmol) in CH,Cl, (3 mL) at room temperature was added to a solu-
tion of ligand PBMes, (200 mg, 0.45 mmol) in CH,Cl, solution (3 mL) at
—78°C. After warming the solution to room temperature within 1 h, the
volatiles were removed. Yellow crystals of 8 (121 mg, 42%) suitable for
X-ray crystallography were obtained from a Et,O/THF solution at
—40°C; m.p. 133-135°C; *'P{'H} NMR (202.5 MHz, CDCl,, —20°C): 6=
50.8 ppm; ''BNMR (160.5MHz, CDCl;, 90°C): 6=73ppm;
BC{'H} NMR (125.8 MHz, [Dy]THF, —20°C): 6=144.8 (br, Cpon), 142.6
(d, J(P,C)=11.1 Hz; CH,,p,), 1412 (d, J(P.C)=3.1 Hz; C,on), 137.6 (s;
Carom)s 136.7 (85 Cyrom)s 136.5 (85 Curom)s 131.8 (br; CH,rom), 1309 (s;
CH,om)> 129.9 (s; CH, o), 126.7 (55 CHye), 125.6 (55 CHye), 115.4 (d, J-
(PC)=3.5Hz; CH,y), 781 (d, J(P.C)=30.2Hz; CH,,y), 563 (s;
CH,,y), 27.1 (d, J(PC)=3.3Hz; CHyy,), 25.7 (d br, J(P,C)=257;
CHp,), 21.7 (s; CHapges)s 20.5 (s; CHapges), 19.8 (55 CHayge), 18.1 (s5 CHsp,),
16.6 ppm (s; CHsp,); 'HNMR (125.8 MHz, [Dg]THF, —20°C): 6=7.72
(pseudo-t, 1H, J(HH)=J(H,P)=7.5Hz; H,,), 7.68 (m 1H; Hyom),
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7.54 (pseudo-t, 1 H, *J(H,H)=7.5 Hz; H,,,1), 7.48 (m, 1H; H,,), 6.86 (s,
2H; Hy), 648 (s, 2H; Hy), 541 (tt, 1H, J(HH)=6.5Hz, JHH)=
13.0 Hz; H,yy), 428 (pseudo-t, 1H, J(H,H)=J(PH)=6.5 Hz; H,,), 3.37
(brd, 1H, J(HH)=6.5Hz; H,4), 273 (m, 2H; CHj,), 2.62 (s, 6H;
CHipes)s 2.32 (s, 3H; CHage), 231 (s, 6H; CHspyey), 2.17 (s, 3H; CHapeo)s
1.16 (dd, 6H, *J(PH)=15.0 Hz; CH,y,), 1.05ppm (dd, 6H, *J(P,H)=
15.0 Hz; CHjp,)-

Crystal Structure Determinations

Data were collected on a Brucker-AXS CCD 1000 diffractometer using
an oil-coated shock-cooled crystal. Semiempirical absorption corrections
were employed for 5, 7, and 8./ The structure was solved by direct
methods (SHELXS-97),% and refined using the least-squares method on
s

Crystal data for 5: C,55sH,;;BCIsPPd, M, =675.03, monoclinic, space group
P2,/C, a=11.2828(11), b=15.1977(15), c=17.8813(18) A, f=94.243(2),
V=3057.7(5) A%, Z=4, peea=1.466 gecm™, F(000)=1388, T=133(2) K,
crystal size 0.01x0.1x0.1 mm?, 15317 reflections collected (5162 inde-
pendent, R;,=0.0972), 20<49.42°, 316 parameters, R1 [I>20(])]=
0.0518, wR2 [all data]=0.0848, largest diff. peak and hole: 0.511 and
—0.444 e A7,

Crystal data for 6: C,s,Hs:BCLP,Pd, M, =852.37, monoclinic, space
group C%, a=41.141(2), b=12.3098(7), c¢=17.0541(10) A, p=
104.8740(10)°, V=8347.4(8) A®, Z=8, peyea=1.356 gcm ™, F(000) =3544,
T=133(2 K, crystal size 0.1x0.3x0.5 mm?, 24254 reflections collected
(8536 independent, R;,=0.0841), 20 <52.78°, 519 parameters, R1 [/>
20(1)]=0.0402, wR2 [all data]=0.0827, largest diff. peak and hole: 0.595
and —0.632 e A~

Crystal data for 7: C;;H,sBCIPRh, M,=600.83, monoclinic, space group =
P21/c, a=13.0041(7), b=13.8194(8), c=16.3131(9) A, f=97.7400(10)°,
V=2904.93) A3, Z=4, pua=1374 gcm™3, F(000)=1264, T=133(2 K,
crystal size 0.1x0.3x0.6 mm®, 16856 reflections collected (5947 inde-
pendent, R;,=0.0212), 26<52.78°, 320 parameters, R1 [I>20(])]=
0.0227, wR2 [all data]=0.0598, largest diff. peak and hole: 0.429 and
-0.469 e A%,

Crystal data for 8: C3H,sBCIPPd, M,=625.32, triclinic, space group PI,
a=9.997(3), b=10.740(3), c=14.848(4) A, a=78.838(5)°, f=82.918(4)°,
y=85.574(5)°, V=1549.9(7) A%, Z=2, peyeca=1.340 gcm™>, F(000)=652,
T=133(2 K, crystal size 0.5x0.7x0.8mm®, 9110 reflections collected
(6224 independent, R;,=0.0265), 20 <53.02°, 389 parameters, R1 [/>
20(1)]=0.0390, wR2 [all data]=0.0949, largest diff. peak and hole: 0.674
and —0.488 e A,

CCDC 704600, 704601, 704602, and 704603 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational Details

Calculations were performed with the Gaussian 03 program,*! using the
density functional method. The nonlocal B3PW91%") functional was used.
B3PWO1 is Becke’s 3 parameter functional, with the nonlocal correlation
provided by the Perdew 91 expression. All Gaussian calculations were
done in combination with the 6-31G** basis set for C, P, B, Cl, and H
(all atoms were augmented with a single set of polarization functions)
and the set-RECP (relativistic effective core potential) SDD®! for Pd
and Rh. SDD is the combination of the Huzinaga-Dunning double {
basis set on lighter elements with the Stuttgart/Dresden basis set-RECP
on transition metals. Geometry optimizations were carried out without
symmetry restrictions. The optimized structures were confirmed as true
minima on the potential energy through vibrational analysis. The fre-
quencies were calculated with analytical second derivatives. All total en-
ergies have been zero-point energy (ZPE), and the temperature was cor-
rected using unscaled density functional frequencies. The free Gibbs en-
ergies, G, were calculated for 7=298.15 K. The electronic structure of
the complexes was studied using natural bond orbital (NBO) analysis.”””!
The NBO-3.1 program was used to gain insight into the nature of the in-
teraction between the boron and chloride atoms (bridging form) and to
evaluate the energy of the donor/acceptor interaction. ''B NMR chemical
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shifts were evaluated by employing the direct implementation of the
Gauge Including Atomic Orbitals (GIAO) method®! at the B3PW91
density functional level of theory, using as reference the BF;-Et,0 com-
pound.

Detailed computational results and cartesian coordinates for the opti-
mized geometries of complexes 3%, 6* 7% and 8* at the B3PW9l/
SDD(M),6-31G**(other atoms) level of theory are included in the sup-
porting information.
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Abstract:  Methyltrioxorhenium(VII)
(MTO) readily forms 1:1 adducts with
several N-(salicylidene)aniline derived
Schiff bases. If the aromatic rings of
the N-(salicylidene)aniline ligands dis-
play non-donating or electron with-
drawing substituent groups, the result-
ing MTO adducts show good activities
in olefin epoxidations. However, steric
effects seem to play a major role, lead-

Fritz E. Kiihn**!

base-MTO adducts, while p-substituted
Schiff bases usually lead to more stable
adducts. In catalysis, electron-with-
drawing substituents on the aniline
moiety lead to better catalysts than
electron donating ones. The gap be-

Keywords: (N-salicylidene)aniline -
catalysis - epoxidation - rhenium -
Schiff bases

tween good catalysts and instable or
non-existing compounds, however, is
small. The general tendency, however,
that good donors on the Schiff base li-
gands lead to shorter Re—O(Schiff
base) bridges and lower catalytic activi-
ty, while the opposite is true with ac-
ceptor ligands on the Schiff bases,
seems to be quite clear.

ing often to instable o- and m-Schiff

Introduction

From 1958 to the early 1960s, organometallic compounds
with high metal oxidation states were looked upon more as
laboratory curiosities than possible catalysts.!l At that time
many organic reactions were not catalysed and produced
large amounts of waste—like in the synthesis of propene ep-
oxide—an olefin epoxidation reaction.”) At the end of the
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1960s however, Halcon and Arco patented® a homogenous
catalytic process that allowed for a much cleaner production
of propene oxide and other oxiranes, using various alkyl hy-
droperoxides as oxidizing agents. Subsequently, in the fol-
lowing years, numerous efforts were dedicated to unravel
the mechanism of the catalytic olefin epoxidation process
and to the search for increasingly efficient catalysts.!

Although many of its congeners originally were consid-
ered to be mere curiosities,”! methytrioxorhenium (MTO)
soon came to be known as an important catalyst.”) It has
been shown that MTO is an extremely versatile catalyst or
catalyst precursor for a broad variety of organic reactions.”!
Among the plethora of applications, olefin epoxidation is, so
far, one of the best examined.!) MTO utilizes hydrogen per-
oxide as an oxidizing agent thereby producing only water as
the by-product, making such a reaction environmentally
benign unlike others of this type.”) MTO has the additional
advantage of being stable in an aqueous medium.

The production of water combined with the pronounced
Lewis acidity of MTO has a side effect which is sometimes
unwanted: it furthers ring opening reactions of more sensi-
tive epoxides via the formation of diols.'” However, it was
found that Lewis base adducts of MTO, such as adducts
with nitrogen donor ligands, largely suppress the ring open-
ing reaction."! Unfortunately the activity of the MTO
Lewis base adducts originally examined was, at least in most
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cases, found to be significantly lower than that of MTO
itself."?) Nevertheless, application of aromatic N-donor li-
gands in ten or twelve fold excesses together with MTO,
leads to higher activities and selectivities in epoxidation cat-
alysis than the application of MTO alone."®! Both monoden-
tate and bidentate aromatic Lewis bases with N-donor li-
gands display this behaviour.'"¥! To date, many N-base ad-
ducts of MTO have been isolated, characterized, and ap-
plied for the epoxidation of olefins as catalysts,"”! however,
significant excess of N-base is essential for the selectivity of
those reactions.

It is only recently that papers have appeared dealing with
the title complexes of this work, (N-salicylidene)aniline
based Schiff base adducts of MTO and their performances
in catalytic olefin epoxidation.'™ It was found that some of
these complexes display high catalytic activities in cyclooc-
tene epoxidation, while others are highly unstable and de-
compose readily at room temperature within seconds. In the
case of the highly active compounds, however, no excess of
Schiff base in comparison to MTO is necessary to reach sim-
ilar selectivities as the MTO/excess N-base systems. This
work examines the influence of substituents on the aromatic
ring of the aniline moiety on the stability and catalytic per-
formance of Schiff base adducts of MTO and their perfor-
mance in the epoxidation of a broader variety of substrates.

Results and Discussion

In a previous work,'® some Schiff base adducts of MTO
with para-substituents on the aniline moiety of the (N-salicy-
lidene)aniline ligand, so as to avoid any steric interference
of the adduct with the MTO, were described. In this work,
various ortho- and meta-substituted aniline moieties are ex-
amined and the effects of such a substitution pattern of the
Schiff base ligands on the catalytic activity of the MTO ad-
ducts are compared to the previously obtained results.
Scheme 1 represents all synthesized complexes. The non-
substituted compound 1, also described previously,'* is
used as the standard. The complexes 24 bearing trans-sub-
stituted aniline moieties have also been described before.['?!

This paper deals in particular with the synthesis and applica-
tions of complexes 5-9.1%1 However, our attempt to synthe-
size other MTO adducts with o-, m-, and p-substituted ani-
line moieties to obtain a complete row of complexes was
not successful. The Schiff base ligands either did not react
with MTO or formed an instable product. The hypothetic
formulae of the inaccessible compounds are shown in the
Supporting Information.

Synthesis and Spectroscopic Characterization

Compounds 5-9 (Scheme 1) were synthesized by treatment
of MTO with the respective Schiff bases in diethyl ether at
room temperature (Scheme 2).

The compounds 5-9 are, as complexes 1-4,1% stable at
room temperature in solution as well as in the solid state
and can be handled without decomposition. The asymmetric

H g —
CHs Cs @ Diethyl S
N ) yl ether N )
OO Oy,
o7 Yo OH RT o
0 \ 0
O:}:{e\\
R=0-Cl (5); R=m-OCH, (6); R=0-CH, (7) He ©

R=p-OCH,CH, (8); R=p-OH (9)

Scheme 2. Synthesis of MTO compounds 5-9.

Re=0 stretching vibrations in the IR spectra of compounds
59 are found in the region 900-960 cm™' on average. For
compounds 5-7 and 9, the ReO; stretching bands show a
splitting of approximately 15 cm™ (Table 1). It is seen that
in comparison to the averaged symmetric and asymmetric
stretching vibrations exhibited by non-coordinated MTO,
the respective Re=0O bands of compounds 5-9 are slightly
red-shifted. This shift most likely originates from the moder-
ate charge transfer from the ligand to the Lewis acidic
MTO. Additional electron density donated from the ligand
to the Rhenium(VII) center usually reduces the bond order
of Re=0 and this is observed for all the compounds 5-9.
The differences between the averaged symmetric and
asymmetric stretching vibra-
tions as given in the last row of
Table 1 deserve some attention.

s g
OO O oo ooy
| | 1 ! .
o o-H o-H o-H In our previous work we had
AW o oRe® ok ascribed the differences be-
I I ¢ I .
he © e © HC © He © tween the values mainly to the
. ) R 4 symmetry of the coordination

cl OCH,

o
o)
O=Re, ok’ oké O=Re
o] !¢ 1% ©
H,C H,C ° H,C o H,C
5 6 7 8

Scheme 1. Synthesized MTO Schiff base complexes.
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around the Re atom.!'™) How-
ever, the larger quantity of data
available now leads to a some-
what different hypothesis as an
o explanation. The values ob-
O:,Reﬁo tained for compounds 4 and 8
AC are most prominently different

from the value of the “stan-

dard” compound 1. Compounds
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Table 1. Characteristic IR vibrations of CH;ReO; fragments (cm™') in 1-9.

MTO 1 2 3 4 5 6 7 8 9 Assignment

1368 1376 1375 1375 1380 1369 - 1375 1385 1363 CH; asym
def

1205 1216 1210 1215 - 1247 1245 1252 - 1217 CHj; sym
def

998 1005 1007 1012 1035 999 1000 1001 1011 1005 ReO;sym
str

965 928 935 950 925 930 931 930 918 926 ReO; asym

919 911 921 914 913 918 918 913  str

567 576 576 573 525 575 576 553 558 558 ReCstr

976 950 951 961 958 947 950 950 965 948 ReO str.
averaged

33 815 84 765 1205 775 76 765 93 835 (vi—v,)
ReO;

4 and 8 have donor ligands in the para-position of the ani-
line moiety. The weaker donors in compound 2 and 9 lead
to a considerably less pronounced enlargement of the value,
while the electron acceptor Cl leads to a slight reduction of
the difference between the symmetric and asymmetric
stretching vibrations. The ortho- and meta- substitutions lead
only to smaller effects than those observed for the para-sub-
stituted compounds (comparable to the order of magnitude
observed for compound 3). It can be concluded that their
electronic effects on the attached MTO moiety therefore is
on average less pronounced than that of the substituents in
the para position.

As has already been pointed out for complexes 1-4,1%
the absence of OH stretching bands of the Schiff bases in
the region around 3400 cm™ indicates the presence of a
strong intramolecular hydrogen bond with the nitrogen
atom of the imine group to form a six-membered ring. The
broad band with a specific fine structure in the range 2900—
2400 cm™! is most likely from the phenolic OH stretching
feature characteristic of a strong hydrogen bond. There are
other low-frequency bands, which are characteristic for a
phenolic OH group in the spectra of the pure Schiff base li-
gands. These bands, together with the OH stretching vibra-
tions, are also conspicuously absent in the spectra of the
newly synthesized compounds 5-9 (see Table2), thereby

Table 2. Selected IR (KBr) data (cm™') for compounds 5-9. The respective pure ligand vibrations are given

for sake of comparison.
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supporting our original ideas about the coordination of the
Schiff base ligands to MTO.

Usually molecules of the type PhCH=NPh will display a
medium strength IR band at about 1650 cm™', arising from
the C=N stretching mode, if undisturbed. For the ligand
complexes 5-9, these bands are found between 1601-
1619 cm™! (Table 2). This lowering of 40-50 cm™! is in a simi-
lar order of magnitude as the reduction observed in com-
pounds 1-4"%1 and also strengthens the assumption of the
existence of an intramolecular hydrogen bond between the
phenolic hydrogen and nitrogen atoms. After complexation,
the proton is attached to the nitrogen atom, the C=N vibra-
tions being observed at higher wave numbers ranging from
1633-1650 cm ™.

In the '"H NMR spectra of compounds 1-9 (Table 3), it is
seen that the proton signals are only very slightly shifted to
high field as compared to the value of MTO. It is observed
that the new complexes with ortho- and meta- substituted
derivatives show very similar properties with respect to the

Table 3. Selected '"H NMR data (ppm) of MTO and compounds 1-9 in
CDCl; or DMSO.

dwro-cns O (o)H

Compound CDCl, DMSO CD(C)13 DMSO
MTO 2.67 1.91 - -

1 2.62 - 1325 -

2 2.63 - 13.49 -

3 2.62 - 13.02 -

4 2.61 - 1345 -

5 2.63 - 13.07 -

6 2.60 - 13.22 -

7 2.61 1.91 13.49 1337
8 2.60 1.90 13.52 1330
9 - 1.90 - 13.41

"HNMR spectra as the para-substituted derivatives. The
values in the coordinating solvent DMSO are virtually iden-
tical with that of MTO. DMSQO, being a coordinating solvent
might be able to replace Schiff base ligands comparatively
easily, particularly when used in large excess, as is the case
here. These observations support the notion of a very weak
MTO-Schiff base interaction.
These results further indicate
that Schiff bases are most likely
even more weakly bonded to

Compound Ir(]rl(ii?\] %roup PheOnIf)Ilic OH gro(ucp Xa)nd cou[()g:)(i)ring vibraIt\iI(()gsX : o) MTO than several of the N-
M f [OH] v v Y donor adducts examined before.
C,3H,,CI NO 1615 1367m,sh 1281 1056m,sh  818m 755 vs The N (O) bonded hydrogen
Cp3H,,CI NO-CH,ReO; (5) 1633 s < in all b
C,,H;;NO, 1601 s 1368 m 1287s 1045 834s 7505  atom (proton) is in all cases ob-
C,H;;NO,-CH;ReO; (6) 1650 s served between 13.02 and
C,H;;N O 1617 vs 1365 m 1280's 1035 m 835s 754vs  13.52 ppm. The shift differences
C,H;3N O-CH;ReO; (7) 1643 s between the different com-
C,sH,;NO, 1617 vs 1367 m 1258 s 1107m,sh 8385 754's h 1
CH.NOCH,ReO, (8) 16345 pounds however, are too sma
C,,H,,NO, 1619 1391 m,sh  124lvs 1047 841m 7415 to allow for a profound discus-
Cy;H,;NO,-CH;ReO5 (9) 1645 s sion of the influence of the

Notation of vibrational modes: v(C=N), C=N stretching; B(OH), hydrogen bonded OH in-plane deformation;

varying Schiff base substituents.

V(cx), Substituent sensitive aromatic ring stretchings; y(OH) phenolic out-of-plane vibrations.
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These results help to realize that the border between sta-
bility, instability, and non-existence of these Schiff base ad-
ducts is seemingly quite narrow. The reasons whether or not
a complex can be isolated or prepared seems to depend on
both steric and electronic factors, and steric hindrance
seems to be a good reason to account for the non-existence
of some of the complexes.

X-ray Crystal Structures of Compounds 5-9

The solid-state structures of the examined compounds are
shown in Figure 1-5, and selected bond distances and bond
angles given in Tables 4-6.

It is observed that both trans (compounds 5, 7-9, Fig-
ures 1, 3-5) and cis (compound 6, Figure 2) structures, with

Figure 1. ORTEP style plot of compound 5 in the solid state. Thermal el-
lipsoids are drawn at the 50 % probability level. The molecule is located
on a mirror plane.

S.-L. Zang, F. E. Kiihn et al.

Figure 3. ORTERP style plot of compound 7 in the solid state. Thermal el-
lipsoids are drawn at the 50 % probability level. The molecule is located
on a mirror plane.

Figure 4. ORTEP style plot of compound 8 in the solid state. Thermal el-
lipsoids are drawn at the 50 % probability level.

Figure 2. ORTEDP style plot of compound 6 in the solid state. Thermal el-
lipsoids are drawn at the 50 % probability level.

414 www.chemasianj.org
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Figure 5. ORTEP style plot of compound 9 in the solid state. Thermal el-
lipsoids are drawn at the 50 % probability level.
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Table 4. Selected bond lengths (A) of compounds 5-9.

5 6 7 8 9
Re—Opmna  1.708(4)  1.714(3)  1.693(6)  1.697(6)  1.690(6)

1717(3)  17212)  1.697(5)  1.701(6)  1.714(5)

1717(3)  1724(2)  1.697(5)  1.703(6)  1.719(6)
Re—Opie  2286(3)  2.166(3)  2309(5)  2234(6)  2271(4)
Re—CH, 2.116(5)  2.116(3)  2.089(10)  2.073(9)  2.098(8)
C—Oprigge 1316(5)  13204)  1315(9)  1.324(9)  1.311(7)
Coengiene™N 1.310(6)  1.301(4)  1301(9)  1.295(9)  1.305(7)
CuyN 1.416(6)  1.419(4)  1438(10) 1.416(9)  1.418(8)

Table 5. Comparison of Re—CH; and Re—Oy,q,. bond lengths (A) for
MTO and compounds 1-9.
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distances for all compounds are around 1.713(3) A on aver-
age. The Re—Oyq, distances in the compounds are between
2.166(3) (compound 6) and 2.271(4) A (compound 9), which
are in agreement with the IR results and consistent with
what was found in our previous work.!'" It should be noted
that the cis-configured adducts 4 and 6 display the shortest
Re—Oyg,e bond distances. They are 2.153(5) A and
2.166(3) A, while all other compounds exhibit Re—Oyigge
bond distances above 2.23 A. The cis configuration obvious-
ly allows a closer proximity of the Schiff base ligand to the
Re center, as has previously been noted.'™ The Re—Oyigqe
increases in the order 4<6<8<2<1<9<5<3<7. The
Re—C bond distances seem to (inversely) correlate very

Re~CH, Re Ouridee roughly with this pattern, but the bond distance differences
MToM! 2.063(2) are even less pronounced and are largely within the error
2 ;ﬂgg; 31228 margins (see Table ?), whiclll makets a well-foundéd.discus-
8 2.073(9) 2.234(6) sion of the Re—C distances impossible. However, it is note-
2 2.084(8) 2.243(4) worthy that only Schiff base ligands substituted with good
1 2.112(12) 2.269(7) electron donor groups tend to form cis adducts with
? 2.098(8) 2.271(4) MTO."'Within the group of the trans adducts the general
5 2.116(5) 2.286(3) . .
3 2.095(11) 2.286(5) tendency towards longer Re—O bonds with decreasing
7 2.089(10) 2.309(5) donor ability of the Schiff base ligand is clearly seen. How-
ever, the particularly long Re—O bond in 7 might arise from
a steric effect.
Table 6. Selected bond angles (°) of compounds 5-9. The X-ray crystal SFructures
reveal that the proton is bound
5 6 ’ 8 ? to the C=N group and not to
O ermina RO erminal 119.04(10) 103.77(13) 117.7(4) 118.3(4) 118.1(3) the oxygen atom.
119.04(10) 103.49(13) 119.6(2) 119.1(4) 119.2(3)
119.63(14) 119.34(12) 119.6(2) 119.9(4) 120.4(3)
O ermina—Re—CHj 94.9(2) 89.15(13) 95.4(2) 94.6(5) 94.5(3) Applications as Epoxidation
95.08(12) 116.87(12) 95.4(2) 95.6(4) 94.5(3)
95.08(12) 116.63(12) 96.6(4) 96.0(4) 96.2(4) Catalysts
Oua RO A0 000 Compounds 59 were cxamined
85.54(10) 166.23(11) 853(2) 87.6(3) g72(2)  as catalysts for the epoxidation
Olrigge—Re—CH; 178.75(17) 77.48(12) 178.6(3) 175.4(3) 177.53) of cyclooctene, 1-octene, and

respect to the orientation of the methyl groups and the
Schiff base ligand, can be seen. This is largely attributed to
packing effects in the crystals. It is noteworthy, however,
that the —OCHj; substituted Schiff bases form the only cis-
oriented MTO complexes, all others display trans configura-
tion of the Re-bound CHj; group to the Re-bound Schiff
base oxygen atom. However, we have recently described a
related compound, displaying both cis- and trans-arrange-
ments in the solid state.'®) This is a strong indication that
packing forces are the main reasons for a certain configura-
tion rather than any ligand or substituent influences.

Table 4 gives selected bond distances for the compounds
5-9. The Re—C bond distances in A for the compounds 5-9
are 2.116(5), 2.116(3), 2.089(10), 2.073(9), and 2.098(8) A,
respectively, which are on average slightly longer than in
free MTO (2.063(2) A). This effect is already known from
Lewis base adducts of MTO. It contributes to the higher la-
bility of the Re—CH; bond and accordingly, adducts of
MTO are generally somewhat less stable than the non-coor-
dinated organometallic compound alone. The Re=O bond

Chem. Asian J. 2009, 4, 411-418
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styrene with hydrogen peroxide
and compared to the results ob-
tained for the previously described complexes 1-4. Details
of the catalytic reaction are given in the Experimental Sec-
tion. Blank reactions showed that there is no significant for-
mation of epoxide in absence of the catalyst. A catalyst/oxi-
dant/substrate ratio of 1:200:100 was used in all cases. All
catalytic reactions followed first-order kinetics in which the
reaction conversion increases steadily for the first two hours
and then slows down.

Complexes 3 and 5, which have electron withdrawing
Schiff base ligands, show the highest activity (turnover fre-
quency, determined after 5 min reaction time) and conver-
sions of cyclooctene of above 70% after 2h and of 90 %
after 4 h are reached. The Schiff base with the Cl-substituent
in the p-position leads to a slightly less active complex (com-
pound 3) than the ortho derivative (compound 5). Com-
pounds 2 and 7, having donor substituents at the Schiff base,
display an opposite effect. The reasonably good activity
(350 mol/(molxh)) and conversion (ca. 70 after 4 h) exhibit-
ed by compound 2 compares to a TOF of approximately
200 mol/(molxh) and a conversion of approximately 65 %

415
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after 4h in the case of compound 7, in which the methyl
group is now at the ortho position. However, it is seen that
the compounds 4 (ca. 50% after 4 h), 6 (ca. 45% after 4 h)
and 8 (50% after 4 h) do not show a very high conversion
nor a high activity in the cases of 6 and 8 (TOF=150 (6)
and 200 (8) mol/(molxh)). It is interesting to note that these
compounds have electron donating —OR ligands on the
Schiff base ligand. Compound 9, containing a p-substituted
Schiff base ligand displays a moderately good conversion of
ca. 70% after 4 h reaction time and a medium activity of ca.
250 mol/(molxh). An overview of the catalytic performance
of the compounds synthesized is given in Figure 6 and the
turnover frequencies of the compounds for cyclooctene ep-
oxidation are shown in Table 7.

While the good result obtained for compound 3 might be
ascribed to the better electron accepting capability of the
Cl-ligand at the para-position, in compound 5, a combina-

Cyclooctene Epoxide Yield / %

Compounds

Figure 6. Conversions of the substrate cyclooctene to cyclooctene epoxide
after 2 h (hatched bars), 4 h (gray bars) and after 24 h (black bars) in the
presence of the compounds 1-9 as catalysts and H,O, as oxidant (cata-
lyst/substrate/oxidant =1:100:200; reaction temperature: 20°C).

Table 7. TOF (h™') for cyclooctene epoxidation after 5min for com-
pounds 1-9.

Compound TOF Compound TOF
1 300 5 400
2 350 6 150
3 375 7 200
4 325 8 200
9 250

tion of steric and electronic effects may contribute to the
comparatively good results. In the case of compound 2 the
donor ability of the methyl ligand reduces the activity some-
what, when compared to compound 3. For compounds 6 and
7, displaying a combination of donor abilities and steric hin-
drance, the activities are lower than in the case of the un-
substituted, standard compound 1. In general, with the sole
exception of compound 5, steric hindrance seems to be neg-
ative for the catalytic activity of any of the examined com-
plexes, in accord to what would be naively expected. The
particularly good electron donating effects of the —OR
groups also cause a reduced activity (compounds 4 and 8) in
comparison to compound 1, having no additional substitu-
ents residing on the Schiff base ligand.
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While cyclooctene is epoxidized fast and selectively, the
epoxidation of 1-octene is slower, but still highly selective
(no diols are formed). With the more sensitive substrate sty-
rene, however, epoxides are the predominant products only
during the first 2 h of the reaction (epoxide yields are be-
tween 30 and 40% after 2 h, diols are formed usually in
smaller amounts). However, after 4 h and particularly after
24 h reaction time, this picture has changed drastically and
diols are either predominant or the only products present
(see also the Supporting Information).

Conclusions

Several Schiff bases readily form stable complexes with
MTO and have distorted trigonal-bipyramidal structures.
Others, however, lead to unstable complexes or prevent,
seemingly dependent on their steric demand, a reaction with
MTO. The electronic differences leading to stable complexes
and/or good catalysts seem to be quite small since they are
not clearly reflected from the gathered data. However, it
seems that Schiff bases with para substituents at the aniline
moiety lead in general to more stable complexes with MTO
than their more sterically hindered o- and m- derivatives.
Furthermore, the Re—O(Schiff base ligand) bond distance
was found to roughly correspond to the donor ability of the
ligand. Stronger donors seem to have the tendency to crys-
tallize as cis-derivatives with MTO (i.e., the Re—CHj; group
in the cis-position to the bridging oxygen) since this configu-
ration allows a shorter Re—O bond distance. If a reaction of
a Schiff base and MTO takes place, the phenolic proton of
the ligand is transferred to a ligand imine group upon coor-
dination to Re, which means that the Lewis acidic Rhenium-
(VII) is coordinated to O~ and forms a comparatively short
Re—0O bond. In solution, the molecules seem to be flexible
with respect to their structures. Nevertheless, different
Schiff base ligands have a pronounced influence on the cata-
lytic performance of the complexes. Thus, whilst particularly
—OCH; groups (good donors) on the aniline moiety of the
Schiff bases lead to reduced catalytic activities of the stable
adducts, other Schiff bases, namely those with electron with-
drawing Cl-ligands (acceptors), lead to active and selective
epoxidation catalysts. An excess of ligand, however, always
leads to rapid decomposition of the catalyst. Given the
ready availability and room temperature stability of several
of the title complexes, together with the good catalytic activ-
ity and high selectivity of some of them, they appear to be
good alternatives to the, on average, more temperature sen-
sitive MTO N-donor complexes as epoxidation catalysts.
The Schiff base adducts of the latter can also be prepared
and applied in situ. In contrast to N-donor adducts, no pro-
nounced ligand excess is necessary to achieve high yields
and selectivities in olefin epoxidation catalysis for substrates
like cyclooctene and 1-octene. However, sensitive products
such as styrene epoxide are quantitatively transformed to
diols after prolonged reaction times.
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Experimental Section
Methods and Instrumentation

All preparations and manipulations were initially performed using stan-
dard Schlenk techniques in an Argon atmosphere. However, it was found
that the syntheses can also be performed under (dry) air without prob-
lems. Solvents were dried by standard procedures (n-hexane and Et,O
over Na/benzophenone; CH,Cl, over CaH,), distilled under argon and
used immediately (as in the case of THF) or kept over 4 A molecular
sieves. Elemental analyses were performed with a Flash EA 1112 series
elemental analyser. '"H NMR were measured in CDCl; with a mercury-
VX 300 spectrometer and a 400 MHz Bruker Avance DPX-400 spectrom-
eter. IR spectra were recorded on a Perkin-Elmer FT-IR spectrometer
using KBr pellets as IR matrix. CI-MS spectra (isobutene as CI gas)
were obtained using a Finnigan MAT 90 mass spectrometer. Catalytic
runs were monitored by GC methods on a Hewlett-Packard instrument
HP 5890 Series II equipped with a FID, a Supelco column Alphadex 120
and a Hewlett—Packard integration unit HP 3396 Series II. The Schiff
base ligands were prepared as described previously.!'”)

Synthesis

Compounds 5-9 were prepared as follows:

MTO (0.2 g, 0.8 mmol) was dissolved in diethyl ether (5mL) and an
equally concentrated solution of ligand (0.8 mmol) in diethyl ether
(5 mL) was added to the stirred solution at room temperature. After 20—
30 min the yellow solution was concentrated in an oil pump vacuum to
ca. 3mL and the orange or red precipitate was obtained by filtration,
washed with n-hexane (10 mL) and dried under reduced pressure.

Compound 5: (colour: red) Yield: 85%; 'HNMR (400 MHz, CDCl,,
RT): 6=13.07 (s, 1H; NH), 8.70 (s, 1H; CH=N), 7.51-7.34 (m, 6H; Ph),
7.11-6.94 (m, 2H; Ph), 2.63 ppm (s, 3H; MTO—CHs;); IR (KBr): see
Tables1 and 2; MS (70eV, CI): m/z (%): 232.00 (100)
[C;3H(CINO+H™*]*, 336.0 (13.53), 463.0 (3.19); elemental analysis: calcd
(%) for C,,H;;CINO Re (480.92): C 34.96, H 2.72, N 2.91; found: C 35.07,
H2.77,N 2.95.

Compound 6: (colour: orange) Yield: 86 %; 'H NMR (300 MHz, CDCl,,
RT): 6=13.25 (s, 1H; NH), 8.60 (s, 1 H; CH=N), 7.40-7.25 (m, 3H; Ph),
7.03-6.82 (m, SH; Ph), 3.84 (3H, s, OCH,), 2.60 ppm(3H, s, MTO—CH,);
IR(KBr): see Tables1 and 2; MS (70eV, CI): m/z (%): 228.1 (100)
[CHiNO+HT]*, 251.0 (48.15) [CH3;ReO5+H™]*; elemental analysis:
caled (%) for C,sH,(NOsRe (476.50): C37.82, H3.36, N 2.94; found:
C37.99, H3.24, N 2.88.

Compound 7: (colour: red) Yield: 78%; '"HNMR (400 MHz, CDCl,,
RT): 0=13.49 (s, 1H; NH), 8.61 (s, 1H; CH=N), 7.45-7.28 (m, 3H; Ph),
7.23-7.10 (m, 4H; Ph), 6.97-6.94 m, 1H; Ph), 2.61 (s, 3H; MTO—CHS,),
2.40 ppm (s, 3H; CHj;); IR (KBr): see Tables 1 and 2; MS (70 eV, CI):
mlz (%): 212.10 (100) [C,H;NO+H*]*, 250.1 (1.52) [CH;ReO4]*; ele-
mental analysis: caled (%) for C;sH;;O,NRe (461.06): C39.12, H 3.50,
N 3.04; found: C 39.17, H 3.57, N 3.09.

Compound 8: (colour: orange) Yield: 80%; 'H NMR (300 MHz, CDCl,,
RT): 6=13.43 (s, 1H; NH), 8.60 (s, 1 H; CH=N), 7.38-7.26 (m, 4H; Ph),
7.03-6.90 (m, 4H; Ph), 4.08-4.03 (q, 2H; CH,), 2.60 (s, 3H; MTO—CH,),
1.45-1.42 (t, 3H; CH;); IR (KBr): see Tables 1 and 2; MS (70 eV, CI):
miz (%): 242.1 (100) [CisHsNO,+H™T]*, 298.1 (25.54), 483.0 (11.78); ele-
mental analysis: caled (%) for C,;H;sOsNRe (490.52): C39.18, H 3.70,
N 2.86; found: C 39.19, H 3.74, N 2.94.

Compound 9: (colour: red) Yield: 82%; 'HNMR (400 MHz, DMSO,
RT): 6=13.41 (s, 1H; NH), 9.66 (s, 1H; OH), 8.90 (s, 1H; CH=N), 7.60—
7.57 (m, 1H; Ph), 7.38-7.30 (m, 3H; Ph), 6.97-6.82 (m, 4H; Ph),
1.90 ppm (s, 3H, MTO-CHj;); IR (KBr): see Tables 1 and 2; MS (70 eV,
CI): mlz (%): 2121 (6832) [CzH;NO,—H]*, 251.0 (60.02)
[CH;ReO5+H™]*; elemental analysis: caled (%) for C, H;;OsNRe
(462.47): C 36.36, H 3.05, N 3.03; found: C 36.41, H 3.09, N 3.05.

X-ray Crystal Determination of Compounds 5 and 6

General: Preliminary examination and data collection were carried out
on an area detecting system (5: STOE IPDS 2T; 6: NoNIus k-CCD device)
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at the window of a rotating anode (NONIUS FrR591) and graphite mono-
chromated Moy, radiation (1=0.71073 A). Data collections were per-
formed at 173 K (0XFORD CRYOSYSTEMS). Reflections were integrated, cor-
rected for Lorentz, polarization, absorption effects, and arising from the
scaling procedure for latent decay. The structures were solved by a com-
bination of direct methods and difference Fourier syntheses. All non-hy-
drogen atoms were refined with anisotropic displacement parameters. All
hydrogen atoms were calculated in ideal positions (5: riding model, dc-
1=0.95 and 0.98 A 6: riding model, dy ;=0.88 A and dc ;=095 and
0.98 A). Tsotropic displacement parameters were calculated from the
parent carbon/nitrogen atom (Uiomy=1.2/1.5Uc)). Full-matrix least-
squares refinements were carried out by minimizing w(F,’—F.?)* with the
SsHELXL-97 weighting scheme. The final residual electron density maps
show no remarkable features. Specials 5: Small extinction effects were
corrected with the SHELXL-97 procedure [¢=0.0105(5)]. The hydrogen
atom located at the nitrogen atom was found in the final difference Four-
ier maps and was allowed to refine freely (dyp=0.80(7)A).
CCDC 702104 (5), CCDC 702105 (6) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre at www.ccdc.cam.a-
c.uk/data_request/cif.5*¢!

X-ray Crystal Determination of Compounds 7-9

The diffraction data were obtained with a Bruker Smart 1000 CCD dif-
fractometer operating at 50 kV and 30 mA using Mo, radiation (1=
0.71073 A). Data collection was performed at 293 K with a diffraction
measurement method and reduction was performed using the SMART
and SAINT software with frames of 0.3° oscillation in the range 1.5<6<
26.2°. An empirical absorption correction was applied using the
SADABS program. The structures were solved by direct methods and all
non-hydrogen atoms were subjected to anisotropic refinement by full-
matrix least squares on F* using the SHELXTL package. All hydrogen
atoms were generated geometrically (C—H bond lengths fixed at 0.96 A),
assigned appropriate isotropic thermal parameters, and included in struc-
ture factor calculations in the final stage of F* refinement. CCDC 648768
(7), CCDC 648766 (8), CCDC 648767 (9) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccde.cam.ac.uk/data_request/cif.!"+]

Catalytic Reactions

Method A: cis cyclooctene (800 mg, 7.3 mmol), 1.00 g mesitylene (inter-
nal standard), H,O, (30% aqueous solution; 1.62mL, 14.6 mmol)
(0.64 mL, 6.24 mmol,) and 1 mol% (73 umol) of the catalyst (5-9) were
mixed.

Method B: 1-octene (343.2 mg, 3.12 mmol), 429 mg mesitylene (internal
standard), H,O, (30% aqueous solution) (0.64 mL, 6.24 mmol,) and
1 mol % (31.3 umol) of catalyst (5-9) were mixed.

Method C: Styrene (250 mg, 2.39 mmol), 100 mg mesitylene (internal
standard), H,0, (30% aqueous solution) (0.53 mL, 4.78 mmol,) and
1 mol % (24 pmol) of catalyst (5-9) were mixed.

Olefins, mesitylene (internal standard) and compounds 5-9 as catalysts
were added to the reaction vessel under standard conditions. The reac-
tion began with the addition of H,O,. The course of the reaction was
monitored by quantitative GC analysis (cyclooctene and styrene) and
GC-MS analysis (1-octene). Samples were taken in regular time intervals,
diluted with CH,Cl,, and treated with a catalytic amount of MgSO, and
MnO, to remove water and to destroy the excess of peroxide. The result-
ing slurry was filtered and the filtrate injected into a GC column. The
conversion of cyclooctene, 1-octene, styrene and the formation of the cor-
responding oxides were calculated from calibration curves (r*=0.999) re-
corded prior to the reaction course.
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Abstract: The enzymatic incorporation
of a series of emissive pyrimidine ana-
logues into RNA oligonucleotides is
explored. T7 RNA polymerase is chal-
lenged with accepting three non-natu-
ral, yet related, triphosphates as sub-
strates and incorporating them into di-
verse RNA transcripts. The three ribo-
nucloside triphosphates differ only in
the modification of their uracil nucleus
and include a thieno[3,2-d]pyrimidine
nucleoside, a thieno[3,4-d]pyrimidine

In memory of Thomas L. Netzel

that are remote to the promoter, al-
though the yields of the transcripts
vary compared with the transcript ob-
tained with only native triphosphates.
Among the three derivatives, the 5-
modified UTP is found to be the most
“polymerase-friendly” and is well ac-
commodated by T7 RNA polymerase.
Although the fused thiophene ana-
logues cannot be incorporated next to
the promoter region, the 5-modified

near the promoter (albeit in relatively
low yields) and even in multiple copies.
Labeling experiments shed light on the
mediocre incorporation of the fused
analogues, suggesting the enzyme fre-
quently pauses at the incorporation po-
sition. When incorporation does take
place, the enzyme fails to elongate the
modified oligonucleotide and yields
aborted transcripts. Taken together,
these results highlight the versatility

derivative, and a uridine containing a
thiophene ring conjugated at its 5-posi-
tion. All thiophene-containing uridine
triphosphates (UTPs) get incorporated

. . . . transcription
into RNA oligonucleotides at positions

Introduction

RNA is no longer viewed as a passive carrier of genetic in-
formation. Rather, this complex biopolymer is now known
to be involved in key cellular events, far beyond its classical
role as a mediator between DNA and proteins.['! Recent dis-
coveries, demonstrating new regulatory roles for RNA, such
as the functions seen in RNA interference and riboswitch-
es,% further fueled interest in RNA as a central regulatory
molecule. RNA is therefore now viewed as a potential
target for the control of cell function by exogenous ligands
and for therapeutic intervention by drug-like small mole-
cules.™” Much like the development of ligands as modula-
tors of protein function, one could envisage the discovery of
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non-natural UTP gets incorporated and robustness, as well as the scope
and limitation, of T7 RNA polymerase
Keywords: enzymes - fluorescence in accepting and incorporating reporter

nucleotides into modified RNA tran-
scripts.

small molecules as specific effectors of RNA function and
hence of cellular response.[®!

To explore RNA recognition events and to fabricate dis-
covery assays for biologically active ligands, effective bio-
physical tools need to be advanced.” Fluorescence spectros-
copy is among the most effective and sensitive techniques
and researchers have long relied on such tools to decipher
the fundamental structural, folding, and recognition features
of biomolecules. Many proteins contain fluorescent aromatic
amino acids (e.g., tryptophan), or interact with fluorescent
cofactors (e.g., NADH), thus providing researchers with in-
herently emissive, “built-in” probes.[gl RNA molecules, in
contrast, present challenges as the native nucleobases are
practically nonemissive.”) To overcome these limitations, flu-
orescent nucleoside analogues can be synthesized and incor-
porated into reporter oligonucleotides.'! A key criterion for
the potential utility of modified nucleosides is their ability
to replace the native nucleosides while preserving the fold-
ing and recognition properties of the unmodified oligonucle-
otides."! Importantly, to serve as reporter probes, such nu-
cleobases have to display favorable photophysical character-
istics and, in particular, be responsive to changes in their mi-

= SWILEY

3 interScience 419



www.interscience.wiley.com



FULL PAPERS

croenvironment.'? Several successful motifs of isosteric nu-
cleobase analogues have been reported and implement-
e(i[]3,14]

Two major protocols are available for the modification of
RNA oligonuclotides including solid-phase and enzymatic
syntheses. Although solid-phase synthesis can be applied to
almost any nucleoside analogue (provided it can be convert-
ed into a suitable building block),!'”! enzymatic synthesis can
be employed only if RNA polymerase accepts the nucleo-
side triphosphate as a building block and incorporates it ef-
fectively.""'") Despite this potential obstacle, transcription
reactions are, in many cases, highly advantageous, owing to
the following practical considerations: a) the necessary tri-
phosphate can typically be synthesized in one step from un-
protected nucleosides circumventing multistep synthetic pro-
tocols; b) reasonably large quantities of RNA can be synthe-
sized by high turnover transcription reactions with relatively
small amounts of the modified triphosphates."®! These fac-
tors make this method within reach to almost all laborato-
ries that are not necessarily equipped for complex organic
synthesis and solid-phase RNA synthesis.['”?’)

To explore the utility and limitations of in vitro transcrip-
tion reactions for the incorporation of fluorescent non-natu-
ral pyrimidine nucleotides, we comprehensively compare the
behavior of three related triphosphates in the synthesis of
emissive RNA oligonucleotides. Two isomeric thiophene-
fused pyrimidine analogues (1 and 3) and one pyrimidine
conjugated to thiophene at the 5-position (5) are phosphory-
lated and subjected to in vitro transcription reactions with
nine different DNA templates.?!) Our results shed light on
the structural features most accommodated by RNA poly-
merase in accepting modified analogues as substrates and
the impact that proximity to the promoter has on the suc-
cess of transcription reactions that generate emissive RNA
oligonucleotides.

Results and Discussion
Synthesis and Basic Photophysical Properties

The fused-thiophene-modified ribonucleosides 1 and 3 were
synthesized by employing our previously reported procedur-
es!'t18 The new 5-thieno-conjugated uridine 5 was pre-
pared by a Stille cross-coupling reaction by using S-iodouri-
dine and 2-(tributylstannyl)thiophene in the presence of a
catalytic amount of palladium(0), using protocols used for
related analogues."™ Ribonucleosides 1, 3, and 5 were then
converted to the 5'-triphosphates 2, 4, and 6, respectively, by
using freshly distilled POCI; and tributyl ammonium pyro-
phosphate (Scheme 1).’”' The analytically pure triphos-
phates, obtained by anion-exchange chromatography fol-
lowed by HPLC purification, were thoroughly characterized
by using mass spectrometry as well as, 'H, *C, and *'P NMR
spectroscopy.

All nucleosides investigated are emissive and responsive
(Table 1).1"%% However, their absorption and emission
maxima differ significantly. Nucleoside 1, built around the
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Scheme 1. Syntheses of thiophene-modified nucleoside triphosphates 2, 4,
and 6. Reagents and conditions: i) POCl;, (MeO);PO, 0°C; ii) tributylam-
monium pyrophosphate, Bu;N, 0-4°C. See the Experimental Section for
details.

Table 1. Basic photophysical characteristics of nucleosides 1, 3, and 5 in
different solvents.

Nucleoside Solvent Amae® Dem I, @l
[nm] [nm]

1 water 292 351 1.5 0.058 £0.001
methanol 294 350 1.1
acetonitrile 294 344 1.0

3 water 304 412 33 0.48+0.05
methanol 304 404 2.9
acetonitrile 304 386 1.0

5 water 315 439 1.3 0.024 £0.001
methanol 319 428 1.3
acetonitrile 319 421 1.0

[a] Lowest energy maximum is given. [b] Relative emission intensity with
respect to intensity in acetonitrile. [c] Relative quantum yield in water.
For details, see the Supporting Information.

thieno[3,2-d]pyrimidine core, displays the highest energy of
absorption and emission in water, both of which are in the
ultraviolet region. Nucleoside 3, containing the thieno[3,4-
d]pyrimidine, and nucleoside 5, containing a conjugated
thiophene at position 5, both display absorption maxima
above 300 nm and emission in the visible range when in a
polar environment. As solvent polarity is decreased from
water to methanol, and finally acetonitrile, a hypsochromic
shift and hypochromic effects are observed for the emission
maxima of all nucleosides (Table 1). The most responsive
nucleoside is 3, which exhibits a strong emission in water
(¢:=0.48) with a more than threefold higher intensity rela-
tive to its emission in acetonitrile.'*! Notably, a good corre-
lation between the emission energy and E(30), a micro-
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scopic solvent polarity parameter, is seen for all nucleosides
(Figure S1 in the Supporting Information), which suggests
utility as nucleobase probes.['*¢]

Enzymatic Incorporation of Modified Triphosphates

To investigate the enzymatic incorporation of the modified
nucleotides into RNA oligonucleotides, transcription reac-
tions with T7 RNA polymerase and triphosphates 2, 4, and 6
were carried out. Short DNA templates were designed to
evaluate the incorporation efficiency of a single or several
modified nucleotides into the RNA transcript and the
impact of the modification position on the yield of the modi-
fied RNA oligonucleotides (Figure 1). All promoter-tem-
plate duplexes were constructed by annealing an 18-mer
oligodeoxyribonucleotide, containing the T7 RNA poly-
merase consensus sequence, and synthetic single-stranded
DNA templates 7a—i (Figure 1). The templates possess dA
residues to direct the incorporation of the modified U ana-
logues and a single T residue at the 5’ end to guide the incor-
poration of a unique A residue at the 3'end of the tran-
script. When performed in the presence of o-*P adenosine
triphosphate (ATP), a successful runoff transcription reac-
tion would result in the formation of a labeled RNA tran-
script. Early-terminated transcripts would remain undetect-
ed following gel electrophoretic separation.

To first compare the incorporation efficiency of the three
unnatural triphosphates, a promoter—template duplex was
constructed with DNA template 7a (Figure 1).'’4 This tem-
plate was designed to possess a unique dA residue away
from the promoter region at position +7. A phosphorimage
of the PAGE-resolved transcription reaction with template
7a in the presence of the modified triphosphates revealed
the formation of the corresponding 10-mer full-length RNA
product (Figure 2, lanes 3-5). The incorporation efficiency
of triphosphates 2, 4, and 6 as compared with uridine tri-

T7 promoter

Template 7a 3

5' TAA TAC GAC TCA CTA TAG 3'
ATT ATG CTG AGT GAT ATC GCG GCA CGT 5'

CHEMISTRY

AN ASIAN JOURNAL
% 88 56 96
UTP + - - - - + + +
ModifedUTP - - 2 4 6 2 4 6
1 2 3 4 5 6 7 8
Fulllength e o e I

a-9%P ATP - -

Figure 2. Transcription reactions with template 7a in the presence of thio-
phene-modified UTPs 2, 4, and 6. Lane 1: control transcription reaction
in the presence of natural NTPs. Lane 2: control reaction in the absence
of UTP and modified UTPs. Lanes 3-5: reaction in the presence of 2, 4,
and 6, respectively. Lanes 6-8: reaction in the presence of equimolar con-
centration of 2/4/6 and UTP, respectively. Incorporation efficiencies of 2,
4, and 6 are reported with respect to transcription in the presence of
UTP. All reactions were performed in triplicate and the standard devia-
tions were +4 %.

phosphate (UTP) was found to be 88+3%, 56+4 %, and
96+3%, respectively. The successful incorporation of
higher-molecular-weight modified nucleosides into the RNA
transcripts is evident from the
slower migration of the tran-
scripts 8, 9, and 10a as com-

pared with the transcript
T7 RNA polymerase :
natural NTPs/2/4/6 formed in the presence of only
a-3?p ATP natural nucleoside triphos-
phates (NTPs; Figure 2, com-
5' GCG CCG XGe A 3¢ X -1 (8)

e = X =3 (9) pare lane 1 and lanes 3-5). Im-
Xx=5 (10a) portantly, control experiments
DNA templates Transcripts in the absence of UTP and
7a 3' ATT ATG CTG AGT GAT ATC GCG GCA CGT 5' 10a 5' , GCG CCG 5GC A 3' modified UTPs yielded no full-
7b 3' ATT ATG CTG AGT GAT ATC ACG GCG CGT 5' 10b 5' _ G5G CCG CGC A 3 length  transcripts  (Figure 2
7¢ 3' ATT ATG CTG AGT GAT ATC GAG GCC CGT 5' 10c 5' _ GC5 CCG GGC A 3' lane 2). This indi h h7
7d 3' ATT ATG CTG AGT GAT ATC GCA GCG CGT 5'  10d 5' _ GCG 5CG CCC A 3 ane 2). This indicates that the
7e 3' ATT ATG CTG AGT GAT ATC GCA GCA CGT 5' 10e 5' _ GCG 5CG 5GC A 3' full-length transcription prod-
7€ 3' ATT ATG CTG AGT GAT ATC GCG GAA CGT 5' 10f 5' _ GCG CC5 5GC A 3' ucts seen in Figure 2, lanes 3-5
7g 3' ATT ATG CTG AGT GAT ATC GCG GCA CAT 5' 10g 5' _ GCG CCG 5G5 A 3' are formed as a result of incor-

7h 3' ATT ATG CTG AGT GAT ATC GCG GCA AGT 5' 10h 5' _ GCG CCG 55C A 3' ’ o
7i 3' ATT ATG CTG AGT GAT ATC GCG GCA AAT 5' 10i 5' __ GCG CCG 555 A 3 poration of the modified UTPs

Figure 1. Enzymatic incorporation of thiophene-modified ribonucleotide triphosphates 2, 4,
plates (7a-7i) were annealed to 18-mer consensus T7 promoter DNA. Transcripts 8, 9, and 10a contain nu-
cleosides 1, 3, and 5 respectively, whereas transcripts 10b-10i contains nucleoside 5. Modified bases in the

RNA transcripts are underlined.
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and modified transcripts allowed us to investigate the prefer-
ence of T7 RNA polymerase toward natural UTP and modi-
fied UTPs in a competition experiment. Transcription reac-
tions, when performed with template 7a in the presence of
equimolar concentrations of either 2 or 4 and UTP, exhibit-
ed complete preference for UTP (Figure 2, lanes 6 and 7).
In contrast, T7 RNA polymerase displayed little preference
for the modified UTP 6 over the parent UTP when tran-
scription reactions were performed in the presence of equi-
molar concentrations of the two (Figure 2, lane 8). Similar
behavior has been previously observed for transcription re-
actions with the analogous furan-conjugated UTP."5

Characterization of RNA Transcripts

MALDI-TOF mass spectrometry analysis of the isolated
modified 10-mers obtained with template 7a in large-scale
transcription reactions showed the expected mass for the
full-length modified oligonucleotides (see Figure S2-S4 in
the Supporting Information). To unequivocally confirm the
incorporation of the modified analogues into the RNA tran-
scripts, they were digested in the presence of alkaline phos-
phatase, phosphodiesterase, RNase A, and RNase T1. The

C U T

:

b

P T T T
0 5 10 15 20

Retention Time / min

é 1‘0 1‘5 26 25 30
Retention Time / min

oy

Figure 3. HPLC profile of enzymatic digestion of transcript 8 and 10a at
260 nm. a) and c) Authentic nucleoside samples and modified nucleoside
1/5, respectively. b) and d) Digested RNA transcript 8 and 10a, respec-
tively. See reference [18c] for the enzymatic digestion of 9.

resulting nucleoside mixture was resolved and quantified by
reverse-phase HPLC. Figure 3 shows selected HPLC profiles
for the digestion of RNA 8 and 10a.”! Importantly, the
chromatograms show both the presence of the modified nu-
cleosides and the correct stoichiometry (G:C:A:1/5). Fur-
thermore, fractions corresponding to each nucleoside were
collected and subsequently analyzed by mass spectrometry,
confirming the authenticity of the native and modified nu-
cleosides. Taken together, these results unambiguously dem-
onstrate the ability of T7 RNA polymerase to incorporate
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fluorescent thiophene-modified U analogues 2, 4, and 6 into
RNA oligonucleotides in transcription reactions in vitro.*"

Effect of Sequence Variations on the Incorporation
Efficiency

Transcription efficiency is known to be greatly impacted by
the sequence of the DNA template, particularly near the
promoter region (positions +1 to +6, see Figure 1).* It has
previously been established that replacing the +1 or +2
guanosine nucleotides with other nucleotides dramatically
reduces the transcription efficiency, whereas changes at posi-
tions +3 to +6 show more-subtle effects on the transcrip-
tion yield.”?%! Other sequence variations, such as the place-
ment of contiguous AU base pairs can also result in poor
transcription. To evaluate the incorporation efficiency of the
unnatural UTP analogues, we designed several templates
that would lead to a single, as well as multiple incorpora-
tions of the modified UTPs in positions +2 to +9
(Figure 1). We envisioned that these templates would pro-
vide valuable information regarding the suitability of in vitro
transcription to generate non-natural RNA strands with
single or multiple modifications.

Transcription in the presence of triphosphate 6 and tem-
plate 7b, which would place the incoming modified nucleo-
tide at position +2 resulted in negligible amounts of product
(Figure 4, lane 4). A slight improvement in the transcription
yield (~22%) was observed for template 7¢ and 7d result-

% 96 5 22 22 18 54 54 39 31
uUTP + = + - % - + - + - F+ - F* - + - ¥ -
Modified UTP - + - + - + - + - + - + - + - + - +
Template 7: a a b b ccdde e f f g agh h i
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
- e —
- T W e -
Full length - - -
g - - -
— | —
,’ o
a-*2P ATP —
¥

Figure 4. Transcription reactions with templates 7a-i in the presence of
UTP and modified UTP 6. Incorporation efficiency of 6 is reported with
respect to transcription yield in the presence of natural NTPs only. All
reactions were performed in triplicate and the standard deviations were
+8%.
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ing in single substitution at positions +3 and +4, respective-
ly (Figure 4, lanes 6 and 8). Template 7e, which would lead
to the incorporation of the modified nucleotide at positions
+4 and +7, gave a low overall yield of approximately 18 %
(Figure 4, lane 10). Interestingly, reactions performed with
templates 7 f—i, which direct double and triple modifications
at positions +6 and beyond, exhibited reasonable transcrip-
tion efficiency yielding full-length products in approximately
30-55% yield (Figure 4, lanes 12, 14, 16, and 18). Notably,
attempts to incorporate non-natural UTPs 2 and 4 near the
promoter region and in multiple positions by using tem-
plates 7b—i, did not result in any detectable full-length RNA
product (Figure S8 and S9 in the Supporting Information).

The negligible formation of full-length transcripts with an-
alogues 2 and 4 could, in principle, be caused by several pos-
sible scenarios, depending on the nucleotide and the incor-
poration position. In one extreme case, the modified nucleo-
side does not get incorporated at all, and transcription
ceases as the enzyme approaches the incorporation position.
Alternatively, the modified nucleoside could get incorporat-
ed, but elongation of the modified nascent transcript fails
past the modification position containing the non-natural
nucleotide. To investigate the progression of the transcrip-
tion reaction in the presence of non-natural nucleotides, we
envisioned that 5" labeling of the nascent transcript by using
v-"P-GTP (the initiator nucleotide; GTP=guanosine tri-
phosphate) would provide valuable information regarding
the actual events during this process. This approach would
allow us to determine the point of premature termination in
the presence of the modified UTPs and provide insight re-
garding the observed variations in the incorporation effi-
ciencies between the nucleotides.

Template 7a, which gives moderate to excellent yields for
the reactions in the presence of modified UTPs, has been
chosen as the first template to assess the path of the enzy-
matic incorporation by using y-**P-GTP. Importantly, 5 la-
beling of the growing transcripts illustrates that T7 RNA
polymerase tends to abort transcription rather frequently,
even in the presence of natural triphosphates (Figure 5,
lane 1), a phenomenon previously observed.! Control reac-
tions in the absence of UTP or modified UTP with template
7a, which directs the addition of uridine at position +7, re-
sults in premature termination to afford a 6-mer RNA prod-
uct, as expected (Figure 5, lane 2). Although reactions per-
formed in the presence of modified UTPs 2 and 4 exhibit
the formation of full-length RNA products, it appears the
transcription stalls to a considerable extent, producing the
RNA products that correspond to the unmodified 6-mer,
and to a lesser extent, the modified 7-mer (Figure 5, lanes 3
and 4). In the presence of 6, T7 RNA polymerase incorpo-
rates the modified nucleotide with an efficiency similar to
that of natural UTP with no apparent truncation before and
after modification (Figure 5, compare lanes 1 and 5). This is
consistent with the results reported above, which show that
T7 RNA polymerase accommodates the modified nucleotide
6 as well as the native UTP.
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Figure 5. 5' Labeling of RNA transcripts by using y-?P-GTP by a tran-
scription reaction with template 7a in the presence of UTP and modified
UTPs 2, 4, and 6.

As noted above, the transcription efficiency tends to sig-
nificantly drop for templates that incorporate modified nu-
cleotide analogues near the promoter region (41 to
+6).18222] T explore these events more closely, template
7d, which directs a U residue into position +4, has been
subjected to transcription reactions with y-*P-GTP. Reac-
tions in the presence of 2, 4, and 6 reveal a progressive abor-
tion of the transcription reaction before and after modifica-
tion, as compared to the reaction with UTP with little for-
mation of full-length products (Figure 6, lanes 3-5). These
observations corroborate the results reported above wherein
the reaction leading to the incorporation of modified nucle-
otides produced either no or small amounts of full-length
RNA product. The course of a transcription reaction with
template 7g, which directs the incorporation of modified
UTP analogues 2, 4, and 6 into positions +7 and +9,
showed similar behavior. As seen in Figure 6, transcription
reactions involving 2 and 4 were markedly terminated
before the first modification step (position 7) and were also
completely abrogated before the second modification
(Figure 6, lanes 8 and 9). With 6, the enzyme successfully in-
corporated the modified UTP at both positions with no ap-
parent loss in transcription efficiency during the pre- and
post-modification steps (Figure 6, lane 10). Taken together
with previous observations, we note that T7 RNA poly-
merase tolerates 5-modified pyrimidines extremely well. As
these analogues are known to have useful fluorescence
properties, in vitro transcription reactions with 6 and related
analogues provide a useful entry to fluorescently tagged
RNA oligonucleotides.
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Figure 6. 5 Labeling of RNA transcripts by using y-’P-GTP by a tran-
scription reaction with templates 7d and g in the presence of UTP and
modified UTPs 2, 4, and 6. Template 7d directs the incorporation of rU

at position 4 near the promoter region. Template 7g directs the incorpo-
ration of rU at positions 7 and 9.

Conclusions

The modification of RNA oligonucleotides with fluorescent
reporter nucleotides can be of significant utility for biophys-
ical evaluation of RNA recognition events.”'®*"l To explore
the potential of in vitro transcription reactions for the syn-
thesis of emissive RNA oligonucleotides, T7 RNA poly-
merase was challenged with accepting three related modi-
fied triphosphates as substrates and incorporating them into
diverse RNA transcripts. The three ribonucloside triphos-
phates differ only in the modification of their uracil nucleus
and included a thieno[3,2-d]pyrimidine nucleoside (1), a
thieno[3,4-d]pyrimidine derivative (3) and a related pyrimi-
dine containing a thiophene ring conjugated at position 5
(5). All non-natural UTPs were incorporated into RNA oli-
gonucleotides at positions that are remote to the promoter,
although the yields of the transcripts, compared with that
obtained with only native triphosphates, varied substantially.
Among the three derivatives, the 5-modified UTP was
found to be the most “polymerase friendly” and was well ac-
commodated by T7 RNA polymerase. While the fused thio-
phene analogues cannot be incorporated next to the pro-
moter region, suggesting interference by the fused ring at
the 5,6-positions, the 5-modified unnatural UTP gets incor-
porated near the transcript’'s 5'-end and even in multiple
copies closer to the 3’-end. Labeling experiments shed light
on the problematic incorporation of the fused analogues,
suggesting that the enzyme frequently pauses at the incorpo-
ration position, and, when incorporation does take place,
T7 RNA polymerase fails to elongate the modified oligonu-
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cleotides and yields aborted transcripts. Taken together,
these results highlight the versatility and robustness, as well
as the scope and limitation, of T7 RNA polymerase in ac-
cepting and incorporating reporter nucleotides.

Experimental Section
Materials

Unless otherwise specified, materials obtained from commercial suppliers
were used without further purification. 5-Iodouridine was purchased
from MP Biomedicals, Inc. 2-(Tributylstannyl)thiophene and bis-(triphe-
nylphosphine)-palladium(II) chloride were obtained from Aldrich and
Acros Chemicals, respectively. Trimethyl phosphate was obtained from
Aldrich. Bis-tributylammonium pyrophosphate (0.5M in dimethyl forma-
mide; DMF) was prepared according to a literature report.’® DNA oli-
gonucleotides were purchased from Integrated DNA Technologies, Inc.
Oligonucleotides were purified by gel electrophoresis and desalted on
Sep-Pak (Waters Corporation). NTPs, T7 RNA polymerase, ribonuclease
inhibitor (RiboLock) were obtained from Fermentas Life Science. Radio-
labeled a-*P ATP and y-*P GTP (800 Cimmol ') were obtained from
MP Biomedicals, Inc. Alkaline phosphatase, phosphodiesterase,
RNase A, and RNase T1 were purchased from Boehringer Mannheim,
Germany. Autoclaved water was used in all biochemical reactions. For
the synthesis of 1, 3, and 4 see references [11 f] and [18¢].

Instrumentation

NMR spectra were recorded on a Varian Mercury 400 MHz spectrome-
ter. Mass spectra were recorded at the UCSD Chemistry and Biochem-
istry Mass Spectrometry Facility by utilizing a LCQDECA (Finnigan)
ESI with a quadrapole ion trap. All MALDI-TOF spectra were collected
on a PE Biosystems Voyager-DE STR MALDI-TOF spectrometer in
positive-ion, delayed-extraction mode. UV/Vis spectra were recorded on
a Hewlett Packard 8452 A diode array spectrometer. Reverse-phase
HPLC (Vydac C18 column) purification and analysis were carried out by
using the Hewlett Packard 1050 Series chromatographs. Steady-state
fluorescence experiments were carried out in a micro fluorescence cell
with a path length of 1.0 cm (Hellma GmbH & Co. KG, Miillheim, Ger-
many) on a Horiba Jobin Yvon (FluoroMax-3) spectrometer. Polyacryl-
amide gels containing radiolabeled RNA were analyzed by using a
BioRad phosphorimager.

Synthesis

Triphosphate 2. To an ice-cold suspension of nucleoside 1 (0.075 g,
0.25 mmol, 1.0 equivalent) in trimethyl phosphate (1 mL) was added
freshly distilled POCI; (57 puL, 0.62 mmol, 2.5 equiv). The solution was
stirred for 32 h at 4-6°C. A solution of bis-tributylammonium pyrophos-
phate (0.5M in DMF, 3.0 mL, 1.5 mmol, 6.0 equiv) and tri-n-butyl amine
(0.60 mL, 2.5 mmol, 10 equiv) was then rapidly added under ice-cold con-
ditions. The reaction was quenched after 30 min with 1w triethylammoni-
um bicarbonate buffer solution (TEAB, pH 7.5, 15 mL) and was extract-
ed with ethyl acetate (20 mL). The aqueous layer was evaporated under
vacuum. The residue was purified first on a diethylaminoethyl (DEAE)
sephadex-A25 anion-exchange column (0.01-1.0m, TEAB buffer solu-
tion, pH 7.5) followed by reverse-phase HPLC (Vydac C18 column, 1.0x
25 cm, 5 pm TP silica, 0-15% acetonitrile in 100mwm triethyl ammonium
acetate buffer solution, pH 7.0, 30 min). Appropriate fractions were
lyophilized to afford the desired triphosphate (0.114 g, 48%). '"H NMR
(400 MHz, D,0O): 6=8.20 (d, J=3.2Hz, 1H), 7.30 (d, /=32 Hz, 1H),
6.08 (d, J=6.8 Hz, 1H), 4.61 (t, J=6.8 Hz, 1H), 4.35 (dd, /,=6.8 Hz, J,=
4.8 Hz, 1H), 4.16-4.03 ppm (m, 3H); "CNMR (100 MHz, D,0): 6=
160.0, 152.0, 145.1, 137.5, 118.8, 114.3, 89.4, 83.2 (d, J=9.1 Hz), 70.4, 68.6,
65.2 ppm; *'PNMR (162 MHz, D,0): 6=-9.86 (br, P,), —10.68 (d, /=
19.8 Hz, P,), —22.48 ppm (br, Pg); ESIMS (negative mode): Calculated
for C,;H;sN,0,5P;S [M] 539.94, found [M—H] =538.91.

Thiophene-modified ribonucleoside 5. 2-(Tributylstannyl)thiophene
(1.81 g, 4.85 mmol, 7.0 equiv) was added to a suspension of 5-iodouridine
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(0.257 g, 0.69 mmol, 1.0equiv) and bis-(triphenylphosphine)-palladiu-
m(II) chloride (0.010 g, 0.014 mmol, 0.02 equiv) in anhydrous dioxane
(6 mL). The reaction mixture was heated at 95°C for 5 h, cooled, and
then filtered through a celite bed. The solvent was evaporated and the re-
sulting residue was triturated with hexanes (2x25 mL). The residue was
purified by silica gel chromatography to afford the nucleoside as a white
solid (0.141 g, 62%). TLC (CH,Cl,/MeOH=8:2) R;=0.63; &,5(H,0)=
10140M'em ™, £316(H,0) =8700m ' em™; HNMR (400 MHz,
[D6]DMSO): 6=11.72 (s, 1H), 8.67 (s, 1H), 7.46 (d, J=5.2 Hz, 1H), 7.40
(d, J=3.6 Hz, 1H), 7.06-7.04 (m, 1H), 5.83 (d, J=4.0Hz, 1H), 5.49 (d,
J=52Hz, 1H), 545 (t, J=44Hz, 1H), 512 (d, /=48 Hz, 1H), 4.15-
4.06 (m, 2H), 3.92-3.91(m, 1H), 3.78-3.73 (m, 1H), 3.66-3.62 ppm (m,
1H); "CNMR (100 MHz, [D6]DMSO): 6=161.3, 149.5, 135.7, 133.9,
126.4, 125.7, 122.4, 108.2, 88.6, 84.5, 74.3, 69.3, 60.1 ppm; ESIMS negative
mode (m/z): Calculated for C;;HN,O¢S [M] 326.06, found [M—H] =
325.03.

Triphosphate 6. To an ice-cold solution of nucleoside 5 (0.060 g,
0.18 mmol, 1.0 equiv) in trimethyl phosphate (1 mL) was added freshly
distilled POCl; (50 pL, 0.55 mmol, 3.1 equiv). The solution was stirred for
27 h at 4-6°C. TLC revealed nearly 50% conversion and hence, another
1 equivalent of POCI; was added. The solution was further stirred at 4—
6°C for 21 h. However, there was no significant consumption of the start-
ing material after this period. A solution of bis-tributylammonium pyro-
phosphate (0.5m in DMF, 1.8 mL, 0.90 mmol, 5.0 equiv) and tri-n-butyla-
mine (0.43 mL, 1.80 mmol, 10 equiv) was then rapidly added under ice-
cold conditions. The reaction was quenched after 30 min with 1M TEAB
buffer solution (pH 7.5, 15mL) and was extracted with ethyl acetate
(20 mL). The aqueous layer was evaporated under vacuum. The residue
was purified first on a DEAE sephadex-A25 anion-exchange column
(0.010-1.0m, TEAB buffer solution, pH 7.5) followed by reverse-phase
HPLC (Vydac C18 column, 1.0x25 cm, 5 um TP silica, 0-15% acetoni-
trile in 100mM triethyl ammonium acetate buffer solution, pH 7.0,
30 min). Appropriate fractions were lyophilized to afford the desired tri-
phosphate 6 (0.046 g, 26%). 'H NMR (400 MHz, D,0): 6=8.12 (s, 1H),
7.50 (d, J=3.6 Hz, 1H), 7.44 (d, J=5.2 Hz, 1H), 7.13-7.11 (m, 1H), 6.01
(d, J=5.2Hz, 1H), 4.47-4.42 (m, 2H), 4.28-4.19 ppm (m, 3H); *C NMR
(100 MHz, D,0): 6=163.5, 151.1, 136.3, 132.4, 127.5, 126.8, 125.2, 110.5,
88.5, 84.0, 73.8, 70.0, 65.5 ppm; *'P NMR (162 MHz, D,0): 6=-9.01 (br,
P,), —10.65 (br, P,), —22.11 ppm (br, Pg); ESIMS (negative mode): Cal-
culated for C;;H;;N,O,5P;S [M] 565.96, found [M—H]™ =564.99.

In vitro Transcription Reactions

Transcription reactions with o-*P-ATP. Single-strand DNA templates
were annealed to an 18-mer T7 RNA polymerase consensus promoter se-
quence in TE buffer solution (10mm Tris-HCl, 1mmM EDTA, 100mMm
NaCl, pH 7.8; EDTA =ethylenediaminetetraacetate, Tris= tris(hydroxy-
methyl)aminomethane) by heating a 1:1 mixture (5um) at 90°C for 3 min
and cooling the solution slowly to room temperature. Transcription reac-
tions were performed in 40 mm Tris-HCI buffer solution (pH 7.9) contain-
ing 250nM annealed template, 10mm MgCl,, 10mwm dithiothreitol (DTT),
10mm NaCl, 2mm spermidine, 1 UpL™" RNase inhibitor (RiboLock),
1mm GTP, 1mm CTP (CTP =cytosine triphosphate), 1 mm modified UTP
2/4/6, 20pum ATP, 5 uCi a-*?P-ATP (800 Cimmole ' stock) and 2.5 UpL ™!
T7 RNA polymerase (Fermentas) in a total volume of 20 pL. In the con-
trol reaction 1 mm UTP was used instead of modified UTPs. After 3 h at
37°C, reactions were quenched by adding 55 pL of loading buffer solu-
tion (7™ urea in 10mm Tris-HCl, 100mm EDTA, pH 8 and 0.05 % bromo-
phenol blue), heated to 75°C for 3 min, and samples (4 uL) were loaded
onto an analytical 20 % denaturing polyacrylamide gel. The products on
the gel were analyzed by using a phosphorimager.

Large-scale transcription reactions and transcript analysis. Large-scale
transcription reactions with template 7a was performed in a 250-uL reac-
tion volume under similar conditions to isolate RNA for enzymatic diges-
tion. The reaction contained 2mm NTPs, 2mM modified UTP 2/4/6,
20mm MgCl, and 500-600 units T7 RNA polymerase. After incubation
for 12h at 37°C, the precipitated magnesium pyrophosphate was re-
moved by centrifugation. The reaction volume was reduced to half by
Speed Vac and 25 pL of loading buffer solution was added. The mixture
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was heated at 75°C for 3 min, and loaded onto a preparative 20 % dena-
turing polyacrylamide gel. The gel was UV shadowed; the appropriate
band was excised, extracted with 0.5M ammonium acetate, and desalted
on a Sep-Pak. By using the above-described condition, 14-20 nmoles of
full length products containing the fluorescent label were obtained.

For composition analysis, the transcripts obtained were enzymatically di-
gested and analyzed. The fluorescently labeled transcripts (2-5 nmol of 8,
9, or 10a) from large-scale transcription reactions were digested with
snake-venom phosphodiesterase I, calf-intestine alkaline phosphatase,
and RNase A in 50mm Tris-HCl buffer solution (pH 8.5, 50mm MgCl,,
0.lmm EDTA) for 15h at 37°C. The mixture was further treated with
RNase T1 for 4 h at 37°C. The ribonucleoside mixture obtained was ana-
lyzed by reverse-phase analytical HPLC by using a Vydac C18 column
(0.46x25 cm, 5 pm TP silica) at 260 nm. Mobile phase A: 100mwm triethyl
ammonium acetate buffer solution (pH 7.0); mobile phase B: acetonitrile.

Flow rate: 1 mLmin ..

For transcript 8: Gradient: 0-7.5% mobile phase B in 20 min and 7.5-
100 % mobile phase B in 10 min.

For transcript 9:1! Gradient: 0-7.5 % mobile phase B in 20 min and 7.5-
100 % mobile phase B in 10 min.

For transcript 10a: Gradient: 0-15% mobile phase B in 30 min and 15—
100% mobile phase B in 10 min.

Transcription reactions with y-P-GTP. Single-strand DNA templates
were annealed to an 18-mer T7 RNA polymerase consensus promoter se-
quence in TE buffer solution (10mm Tris-HCI, 1mm EDTA, 100mm
NaCl, pH 7.8) by heating a 1:1 mixture (5um) at 90°C for 3 min and cool-
ing the solution slowly to room temperature. Transcription reactions
were performed in 40mm Tris-HCl buffer solution (pH 7.9) containing
250nm annealed template, 10mm MgCl,, 10mm DTT, 10mm NaCl, 2mm
spermidine, 1 UpL ™" RNase inhibitor (RiboLock), 1mm ATP, 1mm CTP,
1mwm modified UTP 2/4/6, 500 um GTP, 5 uCi y-*P-GTP (800 Cimmole !
stock) and 2.5 UpL ™' T7 RNA polymerase (Fermentas) in a total volume
of 20 pL. In the control reaction 1 mm UTP was used instead of modified
UTPs. After 3 h at 37°C, reactions were quenched by adding 55 puL. of
loading buffer solution (7m urea in 10mm Tris-HCl, 100mm EDTA, pH 8
and 0.05% bromophenol blue), heated to 75°C for 3 min, and samples
(4 uL) were loaded onto an analytical 20% denaturing polyacrylamide
gel. The products on the gel were analyzed by using a phosphorimager.
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Buckymetallocenes
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Abstract: Thermolysis of fullerene iron
and ruthenium complexes (buckymetal-
locene M(C4xR;5)Cp (M=Fe; R=Ph
(1) and Me (2), M=Ru; R=Ph (3),
Me (4)) under a nitrogen atmosphere
produced metal nanoparticles dispersed
in carbon materials. The thermal degra-
dation processes of the buckymetallo-

of the nanoparticles and the morpholo-
gy of the carbon materials. Thermolysis
of buckyferrocene at 700°C gave
highly dispersed iron nanoparticles
(average diameter of 7.4 nm). After
thermal treatment at 900°C, graphite
structures such as carbon nanocapsules
and carbon nanotubes formed because

of the catalytic activity of the iron
nanoparticles. Ruthenium nanoparti-
cles prepared from buckyruthenocene
were much smaller than the iron coun-
terparts, and did not catalyze the for-
mation of graphite structures. When
buckyruthenocene absorbed on silica
gel was heated at 500 °C under a hydro-

cenes were studied by TG-DTA, TEM
with a heating sample stage, and VT-
XRD. Variation of the thermolysis
temperature led to a change in the size

Introduction

Metal nanoparticles have received much attention in materi-
als science because of their potential applications including
electromagnetic devices and catalysis.'*! These materials
have been prepared by reduction of metal salts in micelles
or thin films,”’ by a solution process involving the thermal
decomposition of organometallic molecular precursors,® hy-
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gen atmosphere, the resulting rutheni-
um nanoparticles showed high activity
in catalytic hydrogenation.

fullerenes

drothermal synthesis,”’! sonication,!'”! and pyrolysis of metal-
containing polymer.'"! Composites of metal nanoparticles
dispersed in carbon matrices have been widely studied as
electronic and magnetic materials, and as catalysts for or-
ganic synthesis.'? Carbon materials are important solid
supports, which are used for immobilization of metal nano-
particles on activated carbons*¥ carbon nanofibers,'>!°!
and carbon nanotubes."* ! Fullerene has also been used as
a metal-support material.['7+?’]

We report here that thermolysis of buckymetallocene
compounds Fe(C4(R;5)Cp (R=Ph (1), Me (2)) and Ru-
(CeR5)Cp (R=Ph (3), Me (4)) under an inert atmosphere
at 500-700°C provides a new method for the preparation of
iron and ruthenium nanoparticles dispersed in carbon. An
attractive feature of this methodology is the possible exten-
sion to various other metals, because of the ready availabili-
ty of a number of stable metal n’-fullerene complexes M-
(CeoRs)Ln®"*! from penta(organo)[60]fullerenes C¢,RsH.!
These complexes are often stable in air even at high temper-
ature (ca. 300°C),?*"24 because of the stability of the n’-co-
ordination. Unique and attractive features of these com-
plexes are that the metal atoms in the starting materials are
embedded uniformly in the crystals of bulky fullerene mole-
cules (one metal atom per 1.3 nm’, estimated from crystal
structure data), and that the carbon matrices formed by
thermolysis are not contaminated by chalcogenide or metal
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pnictogenide atoms,'™® because the C4Rs ligand contains
only carbon and hydrogen atoms.

Thermolysis of the metal complexes will initially generate
single metal atoms and organofullerene radicals that will
form a fullerene matrix in the thermolysis product.” The
single metal atoms may move through the fullerene matrix
and form small metal clusters, which will then aggregate to-
gether to form larger clusters. Such clusters may exhibit
their own characteristic properties as they grow larger in the
carbon matrices. Thermolysis of buckymetallocene com-
pounds 1-4 under an inert atmosphere at 500-700°C pro-
duced metal nanoparticles dispersed in carbon materials
(Scheme 1), which were characterized by transmission elec-
tron microscopy (TEM) and X-ray powder diffraction
(XRD) observations.

metal particles
dispersed in carbon
Fe~7.4nm
Ru~26nm

buckymetallocenes

Scheme 1. Preparation of metal nanoparticles from buckymetallocenes.

R=Ph Me
1 2
3 4

Abstract in Japanese:
TI—VUBBILUONLT U LRy F— X Fak
M(CgoR5)Cp (M = Fe; R = Ph (1), Me (2), M = Ru; R = Ph (3),
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Results and Discussion
Bulk Thermolysis of Buckyferrocene (1)

The crystals of buckyferrocene Fe(CqPhs)Cp (1) (50.0 mg
in a small quartz pan placed in a quartz tube in an electric
furnace, Figure S1 of the Supporting Information) were
heated from room temperature to 500°C at a rate of
10°Cmin~" under a flow of nitrogen (0.1 Lmin™"). When the
temperature reached 500°C, the apparatus was cooled to
ambient temperature while maintaining the nitrogen flow. A
reddish oil was found in the glass wool plugged at the outlet
of the tube; a fine brown powder sublimed during the ther-
molysis and formed a thin film on the inner wall of the
quartz tube, and a black carbonaceous solid remained in the
quartz pan.

The oily material was extracted with diethyl ether, and an
orange solid (8.5 mg) was obtained. GC-MS analysis of the
collected materials indicated that the oil contains m/z 142
(cyclopentadienylbenzene), 154 (biphenyl), and 262 (phenyl-
ferrocene) [Eq. (1), ChartS1 of the Supporting Informa-
tion]. The phenyl group must have come from the CgPhs
moiety and the cyclopentadienyl group from the ferrocene
moiety. One can speculate that these products are the re-
sults of either pure radical or iron-catalyzed reactions. A hy-
pothetical reaction pathway is shown in Equation (2), where
radical species are shown for simplicity. In the light of the
extensive iron-catalyzed C—C bond reorganization observed
at higher temperature (e.g., graphene and nanotube forma-
tion, vide infra), the iron-catalyzed decomposition is also
likely. The solid material on the inner wall of the quartz
tube was washed out with toluene to obtain a black solid
(0.7 mg). HPLC indicated that it is [60]fullerene (Chart S2
of the Supporting Information). Fullerene is known to sub-
lime at high temperatures.””) Note that heating a mixture of
[60]fullerene and ferrocene instead of the buckyferrocene
under nitrogen resulted in sublimation of both compounds
rather than chemical reactions. To prove the advantage of
using a buckyferrocene as opposed to a mixture of ferrocene
and fullerene, we also performed the TG-DTA analysis of
the ferrocene/fullerene cocrystal, Cg(CioH;oFe),® (Fig-
ure S2 if the Supporting Information). As one might expect,
ferrocene started sublime at low temperature, followed by
the sublimation of fullerene. All materials sublimed during
the analysis, and no metal nanoparticle-carbon composite
remained. This result provides strong support of the advan-
tageous use of buckymetallocenes for the preparation of
metal nanoparticles embedded in carbon materials.

The carbonaceous residue in the pan was dispersed in
methanol and weighed 35.0 mg after drying. Subsequent tol-
uene extraction of the material indicated that it contained
no free [60]fullerene. Elemental analysis indicated an ele-

A
Fe(CgoPhs)Cp ——

Fe®+C,+Cey+ Ph-Ph +Ph-CoHs Fe (1)
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mental composition of C 92.5%, H1.3%, N 0%, and we as-
signed the remaining 6.2% to the iron content. It is impor-
tant to know how much of the 6.2% iron content is exposed
on the surface of the carbon. Thus, we extracted the surface
iron from the carbonaceous reside (5.00 mg) into hydrochlo-
ric acid, and determined the iron content by absorptiometric
analysis (2,4,6-tris(2-pyridyl)triazine as an indicator). This
analysis indicated that 2.6x102mg of iron and hence, ap-
proximately 8% of all iron content is exposed on the sur-
face.

The XRD data of the carbonaceous residue (Figure S3 of
the Supporting Information) is similar to the VI-XRD data
at 600°C (Figure 5) except that the a-Fe peak (JCPDS card
No. 06-0696) was absent, indicating that the nanoparticles
are extremely small. Further studies indicated that the parti-
cle size can be controlled by changing the thermolysis tem-
perature. In the following paragraphs, we describe the
nature of the particle formation process and the properties
of the material as studied by TG-DTA, TEM with a heating
sample stage, and VT-XRD.

Thermogravimetric Analysis for Buckyferrocenes 1 and 2

We first carried out thermogravimetry-differential thermal
analysis (TG-DTA) of the crystals of buckyferrocene Fe-
(CePhs)Cp (1P under a flow of nitrogen (Figure 1). The
buckyferrocene 1 decomposed in four consecutive steps.
Heating in the 100-400°C temperature range resulted in the

100 20
400 °C, -6 wt%
90 | °C, -
570 °C, -16 wt% 10
T
80 | 2
° 900°C, | o >
< 7w 0 F
S 70} =
= <
: )
60 | S sa0°Cy O
50 : - - 1 20
100 300 500 700 900
T/°C

Figure 1. TG-DTA curve of Fe(C4Phs)Cp (1) at a rate of 10°Cmin~" a
under flow of nitrogen (0.10 Lmin'). The solid line and the dotted line
are TG and DTA data, respectively.
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loss of 6 wt% of material. The mass loss at lower tempera-
ture can be ascribed to the loss of water or small amount of
the solvent molecules (benzonitrile and CS, that are used in
the synthesis and reprecipitation) included in the powdery
sample. A 16 wt% loss occurred in the temperature range
from 400 to 570°C, which can be ascribed to the loss of the
phenyl groups and the cyclopentadienyl iron group from the
fullerene core. There also occurred sublimation of a small
amount of [60]fullerene (vide supra). We believe that the
loss of the organic and inorganic groups generated some re-
active species and caused cross-linking of the fullerene mol-
ecules.™? In addition, single atomic divalent iron atoms
must have been released from the coordination sphere of
the fullerene molecule and transformed to zero-valence
iron, as supported by the formation of a-Fe metal particles
observed in the XRD analysis (vide infra). An exothermic
event that did not affect the weight loss profile was ob-
served at 840°C. Combined with the analysis shown below,
the exothermic reaction at 840°C is probably iron-catalyzed
conversion of the carbon matrix derived from fullerene into
graphitic structures. TG-DTA of the crystals of a pentame-
thylated buckyferrocene Fe(CgMes)Cp (2)?%! showed a be-
havior similar to that of the pentaphenyl compound 1 (Fig-
ure S4 of the Supporting Information).

TEM Observation of Carbonaceous Materials from the
Buckyferrocene

The product obtained in the above TG-DTA experiments
for Fe(C4Mes)Cp (2) was ground into powder, and subject-
ed to TEM observation. The TEM images are shown in
Figure 2 and S4-S12 of the Supporting Information. The ma-
terials produced upon heating to 700°C on a TG-DTA in-

Figure 2. TEM observation of carbonaceous materials obtained by con-
trolled thermolysis of Fe(C4Mes)Cp (2) in the TG-DTA instrument. (a
and b) 700°C, (c and d) 900°C. For larger pictures of the same images,
see the Supporting Information.
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strument (Figures 2a and b, and S5 and S6 of the Supporting
Information) contained iron nanoparticles dispersed in a
carbon matrix with an average diameter of 7.4 nm (standard
deviation 1.6 nm, Figure 3a). We did not observe any de-
fined carbon structures (e.g., graphene, [60]fullerene crys-

a) 20, mean = 7.4 nm

Std.D.=1.6 nm
€
=3
8
Q1O'
o
g
©
a
0
12 3 4 5 6 7 8 9 1011
Particle size / nm
b)
07 mean = 56 nm
Std. D. =18 nm
€
3
8
o 5
]
=4
©
a

0
5 20 35 50 65 80 95 110

Particle size / nm

Figure 3. Particle size histogram of iron nanoparticles obtained by TG-
DTA analysis of Fe(CsMes)Cp (2) a) to 700°C, b) to 900°C.

tals, crystals of the starting material). As discussed further in
the thermal analysis section, graphitization of the carbon
matrix took place during the thermolysis to 900°C. TEM
images of the resulting samples obtained under these condi-
tions are shown in Figures 2¢ and d, and S6-S12 of the Sup-
porting Information. The size of the iron particles was found
to be much larger, ranging from 20 nm to 100 nm with an
average diameter of 56 nm (standard deviation 18 nm, Fig-
ure 3b, TEM images: Figure S7 and S8 of the Supporting In-
formation). We also observed distinct graphitic structures
(Figure S9 of the Supporting Information), such as a nano-
capsule structure containing an iron nanoparticle® (Fig-
ure 2¢, and S10 and S11 of the Supporting Information) and
multi-wall carbon nanotubes (Figure 2d, and S12 and S13 of
the Supporting Information). The presence of sulfur con-
tamination (even at low levels, as Fe/S=>500:1) may have an
effect on graphitization and nanotube formation.*” Howev-
er, we believe that there is practically no remaining CS,
molecule in the powdery sample after the gradual heating to
500°C to decompose the buckyferrocene. The formation of
these graphitic structures suggests that the iron nanoparti-
cles migrated through the carbon matrix and catalyzed C—C
bond reorganization.”!! It is clear that the thermolysis re-
leased single iron atoms from the fullerene core in 1 with
expulsion of organic groups [Eq. (1) and (2)], causing them
to migrate through the carbon matrix to gradually form
small nanoparticles at 500-700°C, which then caused the
formation of iron particles, carbon nanotubes, and carbon
nanocapsules at 800-900°C, at which temperature the parti-
cle size has grown to be bigger than at 700°C.
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Direct TEM Observation of Thermolysis of Buckyferrocene
on a Heating Sample Stage

To connect the bulk experiments, TG-DTA, and TEM re-
sults together, we next performed in situ TEM observations
of the process of thermolysis of the buckyferrocene with the
aid of a TEM instrument equipped with a variable tempera-
ture stage. We chose the pentamethyl compound 2 to avoid
contamination of the TEM column by high molecular
weight organometallic fragments during heating in vacuum.
Particles of compound 2 that are several tens of nanometers
in diameter (see Figure 4) were observed on a heating

Figure 4. TEM analysis of Fe(C4Mes)Cp (2) with a heating sample stage
at an accelerating voltage of 120 kV.

sample stage under the TEM conditions. No change was ap-
parent after heating the sample at 300°C for 2 h, and small
iron nanoparticles of about 1.4 nm diameter appeared after
heating for 0.5h at 400°C. Iron particles grew larger to
2.8 nm after heating for 0.5 h at 500°C, indicating that metal
atoms and/or metal clusters move in the carbon matrix.™”
Iron nanoparticles grew even larger by aggregation at
500°C. The outline of the particles remained unchanged
during the observation, as is seen in Figure 4. The in situ
TEM observations closely paralleled the results of the bulk
experiments, except that the iron particles observed at each
temperature are slightly smaller. This difference may have
arisen from the difference in the substrate (1 vs 2) and the
120 kV electron irradiation in high vacuum.

Variable Temperature-XRD Analysis of the Buckyferrocene

To obtain information on the time-dependent change of the
structures on the aggregated iron and of the carbon matrix,
we carried out variable temperature XRD (VT-XRD) analy-
sis of buckyferrocene 1 under a flow of nitrogen (Figure 5).

Chem. Asian J. 2009, 4, 457-465
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Figure 5. VI-XRD analysis of Fe(C4Phs)Cp (1) under a flow of nitrogen
(0.2 Lmin™"). The temperature program used a rate of 4+50°Cmin', then
+2°Cmin~! from 10°C before the measurement temperature, then it
held the temperature for 3 min before starting the measurements. Mea-
surement conditions: scan range, 10-70° [26]; sampling, 0.02°; scan rate,
1°/min.

At 400°C, the observed pattern can assign the crystalline
morphology of 1, indicating that the buckyferrocene is
stable at this temperature (in agreement with the spectro-
scopic analysis of the products after heating). At 600°C, the
intensity of the crystal pattern of buckyferrocene decreased,
and the crystal pattern of [60]fullerene (JCPDS card No. 47-
0787) as well as another peak at 26 =44° corresponding to
a-Fe (JCPDS card No. 06-0696) appeared. The particle size
of the a-Fe particles was estimated as 12 nm, as calculated
by Scherrer’s equation from the peak width at half height of
the iron peak (D =kA/Pcosd where k is a constant equal to
0.9, 4 is the X-ray wavelength equal to 0.154 nm, p is the
width at half maximum, and @ is the half diffraction angle).
The particle size distribution of this sample is larger than
that of the sample obtained after TG-DTA observed under
TEM. This is probably as a result of the much longer heat-
ing time for the VI-XRD analysis, which requires 60 min
for each scan. At 700°C, we find patterns resulting from
[60]fullerene and o-Fe. The iron particles have grown fur-
ther to have an average diameter of 20 nm. Upon further
heating to 900°C, the diffraction peaks corresponding to
[60]fullerene diminished and another new peak 20 =26° aris-
ing from the graphite structure (JCPDS card No. 26-1079)
was observed. The diffraction peak corresponding to the
iron components around 26 =44° now shows a complicated
pattern, which can be ascribed to the presence of both a-Fe

Chem. Asian J. 2009, 4, 457 -465
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and cementite (Fe;C, JCPDS card No. 35-0772; Figure 5,
inset).’¥ The formation of cementite can be explained using
the iron—carbon binary phase diagram.* The XRD data at
900°C is in good agreement with the TEM images of the
TG-DTA sample obtained after heating to 900°C (Fig-
ure 2¢, d), in which we observed nanocapsule and nanotube
formation.

Thermogravimetric Analysis of Buckyruthenocene

Considering that the melting point of ruthenium metal is
higher than that of iron (Ru, 2334°C and Fe, 1535°C) and
the high Tamman temperature (7 mman, 1089 °C for rutheni-
um) at which sintering occurs,”” we expected that the ruthe-
nium nanoparticles obtained by thermolysis of buckyruthe-
nocene would be smaller in size than the iron particles from
buckyferrocene, and this was indeed the case. We first stud-
ied the thermal behavior of buckyruthenocene by TG-DTA.
A crystalline powder of buckyruthenocene Ru(CgPhs)Cp
(3)® was heated under a flow of nitrogen between a tem-
perature range of 100 to 900°C with a heating rate of
+10°Cmin~" (Figure 6). The weight loss of the buckyruthe-

100 20
500 °C, -7 wt%
9 | o
650 °C, -10wt%) 1
1
0 900 °C, >
& 80 16 wid% E
o e
—~
70 | 3
a
-10
60 |
50 - - - 1 20
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T/°C

Figure 6. TG-DTA curve of Ru(CgPhs)Cp (3) at the rate of a 10°Cmin ™"
under a flow of nitrogen (0.10 Lmin™"). The solid line and the dotted line
are TG and DTA data, respectively.

nocene 3 found in the temperature range from 500 to 650°C
(=10 wt %) is much smaller than the corresponding bucky-
ferrocene 1 (—16 wt%, Figure 1), which may suggest a
weaker C—C bond cleavage and C—C bond formation ability
of the ruthenium nanocluster than that of the iron nanoclus-
ter. Unlike the DTA data for the buckyferrocene 1, which
showed an exothermic peak at 840°C, the DTA data for the
buckyruthenocene showed no sign of such an exothermic
peak, suggesting that ruthenium nanoparticles do not cata-
lyze graphitization. This is further verified by the TEM anal-
ysis reported later. TG-DTA data of the crystalline solids of
pentamethyl  buckyruthenocene Ru(CyMes)Cp  (4)P%
showed a distinct weight loss process corresponding to sol-
vent loss around 120°C, the following thermal decomposi-
tion was similar to that of compound 3 (Figure S16 of the
Supporting Information).
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TEM Observation of Carbonaceous Materials from
Buckyruthenocene

As reported for buckyferrocenes, we investigated the forma-
tion of ruthenium nanoparticles. The TEM images of carbo-
naceous materials obtained by TG-DTA analysis of 4 at
900°C (Figure 7, and S17 and S18 of the Supporting Infor-
mation) showed that ruthenium nanoparticles are finely dis-
persed in carbon as nanoparticles with an average diameter
of 2.6 nm (standard deviation 0.5 nm, Figure 8).

Figure 7. TEM observation of carbonaceous residue from Ru(CgMes)Cp
(4) after thermolysis on the TG-DTA analysis at 900°C.

201 mean =2.6 nm
Std. D. =0.5nm

Particle count

0
051.01520253.03540455.0

Particle size / nm

Figure 8. Particle size histogram of ruthenium nanoparticles obtained by
TG-DTA analysis of Ru(C4Mes)Cp (4) to 900°C.

Variable Temperature-XRD Analysis of Buckyruthenocene

The VI-XRD analysis of the buckyruthenocene 3 was car-
ried out under a flow of nitrogen (Figure 9). At 400°C, a
complex diffraction pattern consisting of many peaks was
observed, and is identical to the powder pattern simulation
based on the X-ray crystal structure of compound 3 without
crystal solvent (Figure S15 of the Supporting Informa-
tion).*®! Upon heating to 700°C, the pattern of the crystals
of 3 disappeared, and a peak at 44° [20] corresponding to
ruthenium metal (JCPDS card No. 06-0663) appeared. In
contrast to the buckyferrocene case, peaks arising from
[60]fullerene crystals were not observed. On further heating
at 900°C, peaks corresponding to ruthenium particles (38,
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Figure 9. VI-XRD analysis of buckyruthenocene 3 under a flow of nitro-

gen (0.2 Lmin™"). The temperature program used a rate of +50°Cmin~’,

then +2°Cmin~' from 10°C before the measurement temperature, then
it held the temperature for 3 min before starting the measurements. Mea-
surement conditions: scan range, 10-70° [26]; sampling, 0.02°; scan rate,
1°/min. Each measurement took 60 min.

42, 44, 58, and 69°) became distinct. It is notable that, unlike
the buckyferrocene case, there were no graphite peaks at
any temperature, which is consistent with the TG-DTA
curve (Figure 6) as well as the TEM observation of the ther-
molysis products in the TG-DTA experiments (Figure 7).
We surmise that the ruthenium nanoparticles do not cata-
lyze graphitization of the carbon matrix below 900°C.

Investigation of the Catalytic Activity of Ruthenium
Nanoparticles Dispersed in Carbon Materials

The ruthenium nanoparticles prepared from buckyrutheno-
cene were tested for hydrogenation catalytic activity, and
they showed very weak catalytic activity (iron materials pre-
pared from 1 did not show any activity). One might consider
that the metal nanoparticles are buried in the carbon sub-
strate rather than exposed on the surface. With the intention
of making more active nanoparticles, we examined a solid
support approach. Buckyruthenocene 3 was absorbed on
silica gel (10 wt %) by impregnation of silica gel in a CS, so-
lution of 3. After evaporation and drying, thermolysis of the
buckyruthenocene absorbed on silica gel was carried out
under a flow of nitrogen (Ru—C/SiO,—N,) or under a flow
of hydrogen (Ru—C/SiO,—H,).
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Catalytic activities of ruthenium-dispersed materials were
investigated for hydrogenation of cyclohexene (Figure S19
of the Supporting Information). Ru—C/SiO,—N, consumed
some hydrogen gas but afforded only 2% of hydrogenated
product, as analyzed by GC analysis of the reaction mixture
after 30 min. On the other hand, Ru—C/SiO,—H, was much
more active. Cyclohexene was completely consumed after
3 min. The Ru—C/SiO,—H, catalyst can be reused in the
second run without loss of catalytic activity. The large differ-
ence in reactivity between Ru—C/SiO,—H, and Ru—C/SiO,—
N, may come from different morphologies (i.e., particle size,
and so forth).’”) Structure characterization of these com-
plexes is for further work.

The reaction rates of the hydrogenation were compared
for Ru—C/SiO,—H, and a commercial Ru—C catalyst (5%
Ru, Aldrich) under a hydrogen pressure of 10 bar. In both
cases, hydrogen uptake started after an induction period,
being longer for Ru—C/SiO,—H,. The initial rates were ob-
tained from the slope of the line fitted from 0.3 mmol to
0.7 mmol of hydrogen uptake (Figure 10). The initial rates
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Figure 10. Time course of hydrogen uptake for catalytic hydrogenation of
cyclohexene using ruthenium catalysts. The black line and the gray line
are Ru—C/SiO,—H, and 5% Ru—C, respectively. Reaction conditions: cy-
clohexene (2 mmol), ethanol (2 mL), ruthenium catalyst (0.50 mmol), hy-
drogen (10 bar), 50°C.

of Ru—C/SiO,—H, and 5% Ru—C were comparable to each
other, 1.26(2)x 107" and 1.17(2)x 107 mols™', respectively,
[Eq. (3)]. We attribute the long induction period to the
period required for reduction of the oxidized surface of the
metal particles.

Ru cat. (0.50 umol)

O H, (10 bar) O @)

EtOH (2 mL)
2mmol 50 °C TON = 4000

Catalyst k[Ho] [mol s~ TOF [s7]

Ru-C/SiO,»H, 1.26(2)x10° 25
5% Ru-C (Ald) 1.17(2)x10% 2.3
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Conclusions

We have developed a simple method for the preparation of
iron and ruthenium nanoparticles finely dispersed in a
carbon matrix that is composed almost exclusively of carbon
atoms (and a very small fraction of hydrogen atoms). The
iron nanoparticles showed good catalytic activity for C—C
bond reorganization that results in the formation of carbon
nanotubes and capsules, while the ruthenium nanoparticles
did not show such an activity. The ruthenium nanoparticles
are much smaller in size (ca. 2.6 nm diameter at 900°C)
than the iron particles. This is probably a result of the much
higher sintering and melting temperatures of metallic ruthe-
nium. A dominant portion of the iron and ruthenium parti-
cles made by the prototype method is buried inside the
carbon matrix. For the preparation of nanoparticles with
more metal exposed on the surface, thermolysis of metallo-
cene-impregnated silica gel may be a method of choice.
Thus, the ruthenium nanoparticles supported on silica show
moderate catalytic activity in olefin hydrogenation. On the
other hand, protection of easily oxidized elements with a
thin shell of non-reactive material such as carbon could be
interesting.

The size and morphology of the metal particles can be
controlled by the thermolysis conditions (e.g., temperature
and the TEM conditions), and perhaps by the use of a silica
gel support. We expect that the method can be applied to
thermolysis of various other metal n’-fullerene complexes!!
for controlled preparation of metal nanoparticles on carbon.
Being soluble in various solvents and generally stable
enough to be sublimed in vacuum,? the metal n’-fullerene
complexes can be made into thin films and into micropat-
terns on various substrates,*® which may be further convert-
ed into carbon-supported metal nanoparticles. One possible
application of such films may be their use as a catalyst for
carbon nanotube synthesis on a solid support,®’! which will
be the subject of further studies. In the light of the availabil-
ity of bimetallic complexes of deca(organo)[60]fullerenes,*’!
we expect that the method will allow the synthesis of heter-
obimetallic nanosized alloys embedded in carbon matrices.
Such mixed-metal systems are interesting materials because
of their potential use in memory storage devices and bio-
medicine.*"

Experimental Section

General. Thermogravimetry and differential thermal analysis (TG-DTA)
were performed on a RIGAKU Thermoplus II TG/DTA instrument. Var-
iable temperature X-ray powder diffraction pattern (VI-XRD) measure-
ments were measured on a RIGAKU RINT-TTR III with Reactor X
using Cug, radiation. X-ray powder diffraction patterns (XRD) were per-
formed on a RIGAKU Minifrex using Cuy, radiation or a RIGAKU R-
Axis Rapid II with imaging plate detector using Cuyg, radiation. Trans-
mission electron microscopy (TEM) observations were performed using a
JEOL 2010F microscope operated at an accelerating voltage of 120 kV
with a heating sample stage (JEOL EM-21130). Gas chromatography
mass spectrometry (GC-MS) was performed using a Shimadzu GCMS-
PAVUM2 equipped with glass capillary column Restek Rtx-5MS
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(0.25 mm (i.d.) x30 m). Parameters were as follows: initial temperature,
50°C; ramp, 10°Cmin'; final temperature, 250°C; injector-port tempera-
ture, 250°C; detector temperature, 250°C; injection volume, 1 pL. Ana-
lytical HPLC was performed on a Shimadzu HPLC system (column, Cos-
mosil-Buckyprep, 4.6x250 mm, Nacalai Tesque; flow rate, 2.0 mLmin';
eluent, toluene/2-propanol (7:3); detector, Shimadzu SPD-M10Avp). X-
ray fluorescence (XRF) spectrometry was performed for elemental analy-
sis on an SII SEA2120 L.

Materials. Fe(C,R;5)Cp (R=Ph (1), Me (2)), and Ru(C4R5)Cp (R=Ph
(3), Me (4)) were synthesized according to the previous reports.?*¢l Pow-
dery samples were prepared with rapid reprecipitation by addition of
methanol into CS, solutions of the compounds, followed by dryness
under vacuum. The obtained powdery materials contain microcrystals, as
determined from the XRD measurements. 2,4,6-tris(2-pyridyl)triazine
(TPTZ, for iron analysis, Kanto Chemical), hydrochloric acid (for iron
analysis, Kanto Chemical), hydroxylamine hydrochloride (TCI), sodium
acetate (anhydrous, Wako Chemical), and sodium perchlorate (anhy-
drous, Kanto Chemical) were used as received. MilliQ-water was used in
all experiments. TPTZ aqueous solution (1 M) was prepared by dissolving
TPTZ (31.2 mg) in 100 mL of water containing three drops of hydrochlo-
ric acid. Aqueous hydroxylamine hydrochloride solution (10 %) was pre-
pared by dissolving hydroxylamine hydrochloride (10g) in water
(90 mL), then purified by adding TPTZ aqueous solution (1M, 1 mL),
sodium perchlorate (1g) followed by extraction with nitrobenzene
(10 mL). Aqueous sodium acetate solution (30 %) was prepared and used
without further purification.

TG-DTA analysis. Samples (ca. 5 mg) were transferred in a quartz pan to
the instrument under a stream of nitrogen (0.10 Lmin™"'). They were then
heated at a rate of 10°Cmin' to the desired temperature. Nitrogen flow
(0.10 Lmin ') was maintained during the TG-DTA runs.

TEM analysis. Carbonaceous materials were obtained from TG-DTA
runs to the desired temperature under a flow of nitrogen. The samples
for TEM were prepared by grinding, and dispersion of a large number of
particles of carbon material through a slurry in acetone onto a holey
carbon film on a Cu grid (300 mesh).

TEM analysis with a heating sample stage. Powdery buckymetallocene
samples were sprinkled onto copper TEM grids (150 mesh) coated with
holey carbon films. TEM images of the samples were obtained at various
temperatures between 298 and 773 K.

VT-XRD analysis. The measurement was performed under a flow of ni-
trogen (0.20 Lmin™'). The temperature program used a rate of
+50°Cmin~"!, then +2°Cmin~! from 10°C before the measurement tem-
perature, then the temperature was held constant for 3 min before start-
ing the measurements. Measurement conditions: scan range, 10-70° [26];
sampling, 0.02°; scan rate, 1°/min.

Thermolysis of 1. Buckyferrocene 1 (50.0 mg) was placed in a quartz
boat inside a quartz tube in a tube furnace (Koyo KTF035N). The tube
was purged with nitrogen purified by passing through a dehydrating and
a deoxygenating column. The temperature of the tube furnace was in-
creased at a rate of 10°Cmin~" to the desired temperature followed by
cooling to ambient temperature under a flow of nitrogen (0.1 Lmin ™).

Determination of iron content extracted by hydrochloric acid from Fe—C
prepared by thermal treatment of 1.1”! Fe—C material prepared by ther-
mal treatment of 1 at 500°C (5.00 mg) was added to dilute hydrochloric
acid (1M, 2.0 mL) and water (5.0 mL) in a 25 mL measuring flask. The
mixture was sonicated and left to stand for 3 h. Aqueous hydroxylamine
hydrochloride solution (10%, 1.0 mL), aqueous sodium acetate solution
(30%, 5.0 mL), and aqueous TPTZ solution (1M, 1.0 mL) were added to
the mixture. Water was added up to the gauge line of the measuring
flask. A clear light blue solution was obtained after filtering off the
carbon residue. The absorbance of the resulting solution at 595 nm was
measured (Abs=0.470). The absorbance of the blank sample at 595 nm
was also measured (Abs=0.052). The extracted iron content was calcu-
lated to be 2.6x 107> mg.

Preparation of 3 on silica gel. Buckyruthenocene 3 (50.0 mg) was dis-
solved in CS,. Silica gel (450 mg) was added to the CS, solution. The sol-
vent was removed using a rotary evaporator, and then the resulting
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powder was dried under vacuum to obtain an orange-red powder. The
ruthenium content was 0.90% determined by XRF measurement using
[PACI,(PPh;),] as an internal standard.

Thermolysis of 3 on silica gel under a flow of nitrogen. The sample was
placed in a quartz boat inside a quartz tube in a tube furnace (Koyo
KTFO035N). The tube was purged with nitrogen purified by passing
through a dehydrating/deoxygenating column. The temperature of the
tube furnace was increased at a rate of 10°Cmin~! to 500°C, followed by
cooling to ambient temperature under a flow of nitrogen (1.0 Lmin™").

Thermolysis of 3 on silica gel under a flow of hydrogen. Thermal treat-
ment was carried out according to the above procedure except for using
hydrogen (1.0 Lmin™"). The ruthenium content was 0.78 % as determined
by XRF measurement using [PdCL,(PPh;),] as an internal standard per-
formed on SII SEA2120L fluorescence X-ray analyzer.

Catalytic hydrogenation of cyclohexene. The catalytic hydrogenation re-
action was performed on an Endeavor system (Biotage). Ruthenium cat-
alyst (0.50 pmol, 5%-Ru/C (Aldrich, 1.05 mg), Ru-C/SiO,-H, (0.78% Ru,
6.47 mg)) was placed in a reaction vessel. The reaction apparatus was
purged with hydrogen (1 bar). An ethanol solution of cyclohexene (2.0mM,
1 mL. 2 mmol) was added to the catalyst and additional ethanol (1.0 mL)
was used to rinse the injection port. The reaction apparatus was heated
to 50°C, then hydrogen was pressurized to 10 bar and mechanical stirring
was started. Hydrogen uptake was monitored with a computer-controlled
data acquisition system.
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Inclusion Behavior of f}-Cyclodextrin with Bipyridine Molecules: Factors
Governing Host-Guest Inclusion Geometries
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Abstract: The 1:1 complexation of (-
cyclodextrin ($-CD) with structurally
similar bipyridine guests which lead to
the formation of six inclusion com-
plexes (1-6) of $-CD with 4.4'-vinyl-
enedipyridine, 2,2’-vinylenedipyridine,
1-(2-pyridyl)-2-(4-pyridyl)ethylene,

4,4'-ethylene-dipyridine, 4,4'-dithiodi-
pyridine, and 2,2'-dithiodipyridine has
been investigated comprehensively by
X-ray crystallography in the solid state
and by 'H NMR spectroscopy and mi-
crocalorimetric titration in aqueous so-
lution. The complex formation con-
stants (Kg) for the stoichiometric 1:1
host—guest inclusion complexation of [3-
CD with the bipyridine derivatives
were determined in aqueous solution

inclusion geometries of the complexes
were deduced from 'H ROESY NMR
spectroscopy. It transpires that the
guest bipyridine molecules are included
in the B-CD cavity with a range of dif-
ferent inclusion geometries. In the solid
state, the crystal superstructures for the
-CD complexes 1, 4, and 5 are charac-
terized by the triclinic crystal system
(space group P1) commensurate with
AAAA type supramolecular aggrega-
tion. By contrast, the $-CD complexes
2, 3, and 6 display either monoclinic

Keywords: crystal  structures -
cyclodextrins - host-guest systems -
inclusion compounds - NMR spec-
troscopy

(space group P2,) or orthorhombic
(space group (C222,) crystal systems,
characteristic of ABAB type supra-
molecular aggregation. The results
demonstrate that the relative locations
of the nitrogen atom positions and the
bridge-bond links between the two pyr-
idine rings in these bipyridine guests,
not only lead to distinct crystal systems
and space groups, but also to different
binding geometries and thermodynami-
cal parameters on complexation of the
bipyridines with $-CD. The knowledge
obtained from this research improves
our understanding of the molecular
recognition and self-assembly processes
exhibited by (-CD, both in the solid
state and in aqueous solution.

by microcalorimetry and the host-guest

Introduction

As naturally abundant cyclic oligosaccharides, cyclodextrins
(CDs) have been applied in the fields of molecular recogni-
tion and supramolecular assembly.'* Indeed, CDs can form
stable inclusion complexes in aqueous solution with various
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guest molecules through the simultaneous contributions of
several noncovalent bonding interactions by which the guest
molecules are included within their hydrophobic inner cavi-
ties. The commonly accepted model for CD complex forma-
tion suggests that a CD complex forms when a suitable hy-
drophobic molecule displaces “high energy” water from the
CD cavity."! In the inclusion complexation process, besides
several weak intermolecular noncovalent forces, such as
dipole-dipole (ion), hydrophobic, electrostatic, van der
Waals, and hydrogen bonding interactions, the solvent, envi-
ronment, and geometries of hosts and guests also affect the
stabilities of the inclusion complexes. The strong binding af-
finity of CDs to hydrophobic molecules in aqueous solution
enables these hosts to be effective receptors for organic, in-
organic, and biological substrates.*'”! Therefore, the find-
ings of the researchers who have investigated the geometri-
cal properties associated with the binding of guest molecules
by CDs during the past two decades have attracted a lot of
attention. For example, several research groups have report-
ed solution studies of CDs upon complexation with amino

Chem. Asian J. 2009, 4, 446-456
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[11,12] g[13.14] o [15.16] [17.18]

acids, peptide drug surfactants, ste-
roids,'™ and so forth, using different methods such as micro-
calorimetry in addition to NMR, UV/Vis, and fluorescence
spectrometry. Through these studies, which were directed
toward an understanding of the binding behavior and molec-
ular/chiral recognition of CDs, these research groups have
provided valuable information on the effects of changes in
the functionality and chirality of guests that is not revealed
in the crystal superstructures of the inclusion complexes.
Nonetheless, it is much more valuable if the crystal super-
structures of inclusion complexes can be obtained because
they can provide direct insight into the binding mechanisms
of substrates by CDs. Indeed,
a number of crystallographic

studies on inclusion complexes R
of CDs with guest molecules "@‘\;@N
have been performed® ;
during the past decade. Close

. . v\
examination of the crystal su- v
perstructures of a variety of in- N . o)

clusion complexes reveals that “
steric matching of the host and

B-CD / 4,4"-Vinylenedipyridine (1)

i/
B-CD / 4,4'Ethylenedipyridine (4)

CHEMISTRY
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tigations focused on understanding how small differences in
the structures of the guests affect the inclusion geometries
and binding abilities of CDs, both in solution and the solid
state. The nature of these variations could provide valuable
insights into the complexity of the intermolecular interac-
tions involving hydrophobic, hydrogen bonding, and m-mn
stacking interactions in the host—guest systems and serve to
establish a correlation between the host-guest geometrical
relationships and the molecular recognition abilities of CDs
towards guests.

Herein, we report the preparation of six inclusion com-
plexes (1-6 in Scheme 1) of B-CD with 4,4'-vinylenedipyri-

N\ o\

v
B-CD / 2,2'-Vinylenedipyridine (2) B-CD / 1-(2-Pyridyl)-2-(4-pyridyl)ethylene (3)
v\ v 4\

do 4

Vi v/
(-CD / 4,4"Dithiodipyridine (5) B-CD / 2,2"Dithiodipyridine (6)

guest is certainly one of the
most important factors deter-
mining the molecular geome-
try of a complex and its pack-

¢ v i

O |

= O ¥ B-Cyclodextrin (B-CD)
5 41

1

ing in the solid state.”® It is
obvious that crystal superstruc-
tures can be affected by other
factors, such as the type,
length, functional group, and
heteroatom content of the guests. This situation implies that
the crystal superstructures of the CD complexes are designa-
ble through the precise control of interactions between the
guests and CD hosts. Nevertheless, there are very few inves-

Abstract in Chinese:
T R A B- AT I M ARIE R BRatee 2R 1 T RS Be I RUIREEAT h, BRATHIE

R8T 6 NS TRARAY, B, B-FHIKS/A.4- ZIFHBLIE G4 A). B-RK
12,2 LIEEBR B WA B (Q2) . B-FRRIRS/2,4'- ZIB AL WL S (3). B-FRARIKG
144~ IR FERR LIS G AE AL 0 (4)~ B- IR /4,4 - T B TR Lk e 0 45 e 5 0 () A B- TR WIDRS
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ME-ZRBSRAY, MR RRA T XSGR & YDA T A B R 3
FHHG HEMSER SR BRI RS TR AR A A A S BRI T I . A
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Scheme 1. Schematic representation of the inclusion complexes (1--6) of B-CD with 4,4'-vinylenedipyridine,
2,2'-vinylenedipyridine, 1-(2-pyridyl)-2-(4-pyridyl)ethylene, 4,4'-ethylenedipyridine, 4,4'-dithiodipyridine, and
2,2'-dithiodipyridine, respectively.

dine, 2,2'-vinylenedipyridine, 1-(2-pyridyl)-2-(4-pyridyl)ethy-
lene, 4,4'-ethylenedipyridine, 4,4'-dithiodipyridine, and 2,2'-
dithiodipyridine—and investigated systematically their bind-
ing abilities, their geometrical characteristics, and their as-
sembly behavior towards [-CD, both in solution, by
'HNMR spectroscopy and microcalorimetry, and in the
solid state, by means of X-ray crystallography.

Results and Discussion

Preparation of Inclusion Complexes and Their Crystal
Structures

Bipyridine molecules have very interesting coordination
properties and therefore are frequently used as building
blocks to construct supramolecular architectures.”>” In the
present work, we chose 4,4’-vinylenedipyridine, 2,2'-vinyle-
nedipyridine, 1-(2-pyridyl)-2-(4-pyridyl)ethylene, 4,4'-ethyle-
nedipyridine, 4,4-dithiodipyridine, and 2,2’-dithiodipyridine
as guests in order to prepare inclusion complexes with f3-
CD. These bipyridine guests vary in their constitutions, re-
sulting in broad variations in their inclusion geometries and
in the binding behavior of the complexes.

The inclusion complexes 1-6 of 3-CD with all six bipyri-
dine guests were prepared in aqueous ethanolic solution
using a simple method, that is, an EtOH solution (10 mL) of
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each guest (1 mmol) was added dropwise to an aqueous so-
lution (40 mL) of $-CD (1 mmol). The turbid solutions were
stirred and heated to 50°C, in order to attain complete dis-
solution. After cooling down to room temperature, the pre-
cipitates which formed were isolated by filtration and
washed with H,O. The resulting solids were dried under
vacuum to give powder-like samples. The inclusion com-
plexes of B-CD were characterized by "H NMR spectrosco-
py and MALDI time-of-flight mass spectrometry. The inclu-
sion geometries and binding behaviors of the complexes
were investigated by '"H ROESY (Rotating frame Overhaus-
er Effect SpectroscopY) NMR spectroscopy and microca-
lorimetric titrations. Crystals of the complexes were then
grown from saturated aqueous solutions. Single crystals of
appropriate quality were chosen for X-ray crystallographic
analyses.

Solution Investigation

In order to investigate the binding behavior of B-CD with
bipyridine guests in aqueous solution, we have performed
'"H NMR spectroscopic experiments on the host-guest
system at 25°C in D,O. First of all, the stoichiometries of
the host-guest systems were determined by 'H NMR spec-
troscopy employing experiments where the molar ratios of
guest and $-CD were varied, while the overall molar con-
centrations of the two components were held constant. A
typical Job plot for the $-CD/4,4'-ethylenedipyridine system
at 25°C in D,0O reveals (Figure 1) a minimum at 0.50, indi-

o :
o (4] (=)
T T )

.
/
\

3
A6x4,4'-E!h)ﬂenedipyridine /ppmx 10" ——
)
=]
5
\
L ]

25 ! L L
0.0 0.2 0.4 0.6 0.8 1.0

X4,4 Ethylenedipyridine — >

Figure 1. Job plot obtained for [-CD/4,4"-ethylenedipyridine ([B-
CD]+[4,4'-ethylenedipyridine] =5.0x 10> moldm ) in D,O at 25°C. The
changes (Ad) in chemical shifts of the H protons on 4,4"-ethylenedipyri-
dine. 7 is the molar fraction of 4,4"-ethylenedipyridine.

cating the formation of a 1:1 host—guest inclusion complex
between $-CD and 4,4"-ethylenedipyridine. Very similar re-
sults were obtained in the case of the inclusion complexes of
B-CD containing the other guests.

Next, the changes of chemical shifts of proton probes in
the guest molecules in the presence of B-CD were evaluated
using the "H NMR titration method at 25°C in D,O. In gen-
eral, the inclusion of a guest molecule into the CD cavity
will result in changes in the chemical shifts of host and/or
guest protons.”**! We can obtain some important informa-

448 www.chemasianj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J. F. Stoddart et al.

tion from these changes in chemical shifts. For instance,
Figure 2 shows the protons present in 4,4'-ethylenedipyri-
dine (1.03x107° moldm™) to exhibit significant changes in
chemical shifts in the presence of p-CD (0-2.37x

h):[u Hﬁ "@i@,, U \ K__M L)___
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Figure 2. 'H NMR spectra of  44'-ethylenedipyridine (1.03x
107> moldm ) recorded following the stepwise addition of B-CD (a-h:
0-2.37x 107> moldm~?) in D,O at 25°C.

10~ moldm ). The H, and H, protons in 4,4"-ethylenedipyr-
idine in the presence of 3-CD display downfield shifts (AJ)
of up to +0.02 and +0.07 ppm, respectively, while the Hg
protons reveal upfield shifts (Ad) of up to —0.05 ppm under
the same conditions. A possible explanation for these obser-
vations is that the interaction between the H, protons of
4,4'-ethylenedipyridine and the wall of (-CD is stronger
than that between H, or Hg and the wall. Furthermore, we
have also performed the 'HNMR titration experiments of
B-CD in the presence of guests at 25°C in D,O. Typical
"H NMR titration spectra of B-CD on addition of 4,4'-ethyl-
enedipyridine are shown in Figure 3. The H3 and the HS5
protons in B-CD experience upfield shifts (Ad) of about
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Figure 3. '"H NMR spectra of f-CD (1.02x107> moldm~) recorded fol-
lowing the stepwise addition of 4,4'-ethylenedipyridine (a—h: 0-2.06x
107 moldm ) in D,O at 25°C.
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—0.13 and —0.21 ppm, respectively. In the cases of the other
guests, the upfield shifts (Ad) for the H3 and the H5 protons
of B-CD are in the order of —0.08 to —0.15 ppm and —0.13
to —0.24 ppm, respectively. These results indicate that the
inclusion of an aromatic guest inside the CD cavity can
cause major upfield shifts of the H3 and/or the HS protons
on account of the ring currents generated by the aromatic
portions of the guests and/or hydrogen bonding interactions
between the host and guests.*!

It is also interesting to note that the complexation of
guests with 3-CD produces larger upfield shifts for HS than
those for H3. An investigation by Goldberg and co-work-
ersil has suggested that the magnitude of the upfield shifts
of the CD’s H3 and HS5 protons, A0(H3) and AS(H5), and
their relative ratios, AO(HS)/A6(H3), can be used, respec-
tively, as a measure of (1) the complex stability and (2) the
inclusion depth of the guests within the 3-CD cavity, that is,
the larger is the value of Ad, the more stable the complex is
and the larger the relative ratio of AS(HS)/AS(H3) is, the
deeper the guest enters inside the cavity. In the experiments
reported here, the order of average values of Ad(H3) and
AJ(HS) in the presence of a guest under the same condi-
tions is 4,4’-dithiodipyridine > 4,4'-ethylenedipyridine > 1-(2-
pyridyl)-2-(4-pyridyl)ethylene > 4,4'-vinylenedipyridine >
2,2'-dithiodipyridine > 2,2'-vinylenedipyridine. This trend in-
dicates that the complex formation constants of guests with
B-CD should also follow the above sequence. In fact, the se-
quence is almost consistent with the results obtained from
calorimetric titration experiments. On the other hand, the
AS(HS)/A6(H3) values of guests with $-CD are around 1.6,
a value which indicates that the inclusion depth of the
guests inside the B-CD cavity does not display obvious dif-
ferences. The results obtained from the crystal superstruc-
tures, however, show that the depths are variable.

'"H ROESY NMR spectroscopy has recently become an
important analytical method for investigating the interac-
tions and included geometries between CD hosts and guest
molecules. When the guest molecule is included inside the
B-CD cavity, the NOE correlations between the protons of
the guest molecule and the inner protons (H3 and HS5)
inside the B-CD cavity can be measured.® In order to
obtain further evidence about the inclusion geometries of
the complexes 1-6 in solution, 'H ROESY NMR experi-
ments were performed on them at 25°C in D,O. The
ROESY spectrum (see Figure Sla of the Supporting Infor-
mation) of 1 (3.0x107°> moldm™>) displays clear NOE cross-
peaks between the H3 protons of f-CD and the H,
(peak A), Hy (peak B), and H, (peak C) protons of 4,4"-vi-
nylenedipyridine, as well as between HS5 and H, (peak D)
and Hj (peak E). All these observations demonstrate that
the 4,4'-vinylenedipyridine guest is deeply included into the
hydrophobic cavity of -CD as shown in Figure S1b of the
Supporting Information. In the case of 2 (see Figure S2a of
the Supporting Information), the ROESY spectrum of 2
(3.1x107 moldm™) recorded in D,O reveals NOE cross-
peaks between the H3 protons of B-CD and the Hj
(peak A) and H, (peak B) protons of 2.2'-vinylenedipyri-
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dine, and between the HS protons of 3-CD and the H,
(peak C), Hy (peak D), Hy (peak E), H, (peak F), and H,
(peak G) protons, indicating distinctly that the 2,2’-vinylene-
dipyridine guest is also included inside the 3-CD cavity. The
fact that the correlation (peak E) of H3 with the H; protons
is slightly weaker than the others suggests that the Hy pro-
tons in 2,2"-vinylenedipyridine should be removed from H3.
A possible inclusion geometry for 2 is shown in Figure S2b
of the Supporting Information. For complex 3 (4.6x
107 moldm™), the NOE cross-peaks between the H3/H5
protons of §-CD and the H,/H, (peak A) and H, (peak C)
protons of 1-(2-pyridyl)-2-(4-pyridyl)ethylene molecule, and
between the H3 protons and the Hj protons (peak B) are
shown in the ROESY spectrum (Figure S3a of the Support-
ing Information), indicating that the 1-(2-pyridyl)-2-(4-pyri-
dyl)ethylene molecule is included in the cavity of $-CD. No-
tably, it shows the interaction between the H3 and the H;
protons (peak B), implying the 2-pyridyl moiety of 1-(2-pyr-
idyl)-2-(4-pyridyl)ethylene molecule is located on the secon-
dary side of the B-CD cavity. This interesting result indicates
that the 3-CD can direct the orientation of the 1-(2-pyridyl)-
2-(4-pyridyl)ethylene molecule inside the cavity. According
to the results of the ROESY NMR experiment, a possible
geometry of $-CD with 1-(2-pyridyl)-2-(4-pyridyl)ethylene is
given in Figure S3b of the Supporting Information.

The nonconjugated guests, 4,4’-ethylenedipyridine, 4,4'-di-
thiodipyridine, and 2,2'-dithiodipyridine have more flexible
skeletons than those of the conjugated guests, that is, 4,4'-vi-
nylenedipyridine, 2,2-vinylenedipyridine, and 1-(2-pyridyl)-
2-(4-pyridyl)ethylene. Thus, the nonconjugated guests can
be included in the cavity of 3-CD with better matching geo-
metries. In the case of the complex 4 (4.7x107> moldm ™),
its ROESY spectrum (Figure S4a of the Supporting Infor-
mation) reveals NOE cross-peaks between the H3/H5 pro-
tons of B-CD and the H, (peak A), Hy (peak B), and H,
(peak C) protons of 4,4'-ethylenedipyridine molecule. Simi-
larly, the ROESY spectrum (Figure S5a of the Supporting
Information) of the complex 5 (3.4x107° moldm™) shows
NOE cross-peaks between the H3/HS protons of 3-CD and
the H, (peak A) and H; (peak B) protons of 4,4'-dithiodi-
pyridine molecule. For the complex 6 (2.5x 107 moldm™),
the ROESY spectrum (Figure S6a of the Supporting Infor-
mation) reveals NOE cross-peaks between the HS protons
of B-CD and the H, (peak A) and H; (peak B) protons of
2,2'-dithiodipyridine molecule, as well as between the H3
protons and the Hy (peak C) protons. Based on the results
of these ROESY NMR experiments, possible inclusion geo-
metries of 3-CD with the three nonconjugated guests are
shown in Figures S4b, S5b, and S6b of the Supporting Infor-
mation, respectively. Although a series of complex geome-
tries may be present in the (-CD inclusion complexes in
aqueous solution,**! the inclusion geometries in the sys-
tems under investigation should be an optimum one for the
various host-guest geometries adopted between (-CD and
the bipyridine guests. Therefore, the results of the
'"H ROESY NMR experiments serve to establish the corre-
lation between the geometrical features of the inclusion
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complexes and the molecular recognition mechanism of (3-
CD toward bipyridine guests. The different inclusion geome-
tries and strict size/shape fitting relationships between the
host and guest explain reasonably well the different binding
affinities and guest selectivities of $-CD.

Microcalorimetric titration (ITC) experiments have been
performed in aqueous phosphate buffer solutions (pH 7.0)
at 25°C. The formation constants (Kg) and the thermody-
namic parameters of the bipyridine guests upon complexa-
tion with B-CD are listed in Table 1. The formation con-
stants (K) for the inclusion complexation of host with guest

Table 1. Complex formation constant (Kjs), standard enthalpy (AH®), and entropy changes (TAS®) for the in-
clusion complexation of 3-CD with bipyridine guests in phosphate buffer solution (pH 7.0) at 25°C.

J. F. Stoddart et al.

the larger K values for the guests with nitrogen atoms in
their 2,4'- and 4,4'-positions as compared with the guests
which have nitrogen atoms in their 2,2’-positions mean that
there exists a more extensive desolvation effect for the
guests with nitrogen atoms in their 2,4’- and 4,4'-positions
upon complexation with $-CD. The difference in desolvation
effect of the guests with nitrogen atoms in their 2- and 4-po-
sitions can be ascribed to their differing orientations within
the -CD cavity, cf., the ROESY experiments. In the case of
2,2'-dithiodipyridine with B-CD, the larger entropy loss
(TAS°=—16.04+0.4 kIJmol™") may be attribute to the small-
er geometrical change and/or
weaker desolvation effect be-
tween the host and guest as
compared with other com-

Host!")  Guest KgM'] —AG° [kImol™'] —AH° [kImol™!] TAS® [kJ mol™'] plexes. These results help us
B-CD  4.4'-Vinylenedipyridine 327463 14.3+0.1 1.8+0.2 12.6+0.2 understand the thermodynamic
B-CD  2,2’-Vinylenedipyridine 144+£29 123+04 3.6+0.6 8.6+£1.0 origins at work in the process
B-CD  1-(2-Pyridyl)-2-(d-pyridylethylene 572426  15.8+0.1 22+0.1 13.5+0.1 n the

B-CD  4.4"-Ethylenedipyridine 523414 155403 137402 19405 of the molecular inclusion.
B-CD  4,4'-Dithiodipyridine 1102+58 173+£1.0 10.8+0.3 6.6+1.3

B-CD  2,2'-Dithiodipyridine 255437 138425 29.8+2.9 —-16.0+0.4

[a] [Host] =11.789-13.163 mM. [b] [Guest] =1.008-1.306 mm.

decrease in the following order—4,4’-dithiodipyridine > 1-(2-
pyridyl)-2-(4-pyridyl)ethylene > 4,4-ethylenedipyridine >
4,4'-vinylenedipyridine > 2,2'-dithiodipyridine > 2,2'-vinylene-
dipyridine. We note that the association of 3-CD with 4,4'-
dithiodipyridine affords the highest formation constant of
1102 +58m~L, a value which is 7.7 times more than that for
2,2"-vinylenedipyridine (1444+29m™'). This relatively good
molecular selectivity can be attributed to strict size/shape
matching and hydrophobic interactions between the host
and guest. The guests, 4,4"-ethylenedipyridine, 4,4'-dithiodi-
pyridine, and 2,2’-dithiodipyridine, have more flexible skele-
tons than those of 4,4'-vinylenedipyridine and 2,2’-vinylene-
dipyridine. They can find a match with the (-CD -cavity
more easily by changing their geometries, leading to higher
formation constants except in the case of 2,2'-dithiodipyri-
dine. Furthermore, the guests with nitrogen atoms in the
2,2"-positions afford lower formation constants compared
with guests which have nitrogen atoms in their 2,4’- and 4,4'-
positions, most likely because of their lower hydrophobici-
ties.

The thermodynamic parameters listed in Table 1 show
that complex formation of bipyridine guests with $-CD in
phosphate buffer solution is accompanied by favorable en-
thalpic changes and positive entropic contributions, except
in the case of 2,2-dithiodipyridine (7TAS°=-16.0+
0.4 kJmol™). It is well-known™ that the negative enthalpy
changes can be accounted for by the hydrogen bonding and
van der Waals interactions arising from the size/shape
matching between the host and guest. When the guests are
embedded in the cavity of $-CD, the previously existing hy-
drogen bonding between the nitrogen atoms and water mol-
ecules will become weaker or even non existent as a result
of the hydrophobicity inside the 3-CD cavity. Furthermore,
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Crystal Superstructures

Direct evidence for the forma-

tion of inclusion complexes 1-
6 has been obtained in the solid state. Single crystals of the
B-CD complexes 1, 4, and 5 were triclinic and had space
group P1. The single crystal for the complex 2 was mono-
clinic and had space group P2,. The single crystals for the
complexes 3 and 6 were orthorhombic and had space group
C222,. The crystal data and experimental and refinement
parameters for the superstructures 1-6 are listed in Table 2
and their unit cells are shown in Figure 4 and Figure S9 of
the Supporting Information. In these crystal superstructures,
the skeleton of B-CD with its approximate seven-fold axis
and toroidal shape, as well as the coplanarity of the seven
glycosidic oxygen atoms, are not significantly changed with
the inclusion of the bipyridine molecules. There is a little
conformational variability in the $-CD torus, that is, the two
primary OH groups for complexes 1 and 2 and one primary
OH group for complex 4 are disordered over two sites, one
site a (+)-gauche conformer (the primary OH groups point
toward the interior of B-CD), and the other a (—)-gauche
conformer (the primary OH groups point toward the exteri-
or of B-CD). Some H,O molecules are distributed through-
out the unit cells of crystals 1-6, and these H,O molecules
are almost located on the exterior of the 3-CD cavities, an
observation which indicates the presence of strong hydro-
phobic interactions between the $-CD cavities and guests.

In the unit cell of 1 (Figure 4a and Figure S9a of the Sup-
porting Information), two 4,4'-vinylenedipyridine molecules
with the trans configuration are embedded into two B-CD
cavities in different directions, forming a head-to-head
dimer arrangement, which is somewhat different from the
inclusion complexes produced by -CD and guests in the
solid state.”® In particular, there is an H-bonding interac-
tion between an ortho-hydrogen atom (H,) in pyridine ring
A of 4,4'-vinylenedipyridine molecule and an O atom on the
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Table 2. Crystal data, experimental and refinement parameters for crystals 1-6.

Crystal 1 Crystal 2 Crystal 3 Crystal 4 Crystal 5 Crystal 6
Molecular Formula Co7Hi53N,004 Cios.50H162N4O02.50 CssHi0125N:045.50 Ci10H170N4Ogg CiosH196N4O90S4 Cs,Hi9sN2Ous. 505,
M, [gmol '] 2851.21 3002.42 1506.62 3084.50 3070.89 1598.50
Crystal System Triclinic Monoclinic Orthorhombic Triclinic Triclinic Orthorhombic
Space Group P1 P2, 222, P1 P1 222,
V4 1 2 8 1 1 8
a [A] 15.2244(12) 15.3151(9) 19.413(3) 15.216(2) 15.2813(12) 19.382(4)
b [A] 15.4858(12) 31.5498(18) 23.698(4) 15.514(2) 15.4039(12) 23.852(5)
c[A] 18.0318(15) 15.3818(9) 32.864(6) 17.791(2) 17.8904(14) 32.311(7)
a [°] 99.619(2) 90 90 99.249(2) 99.662(1) 90
BI°] 113.2770(10) 101.661(1) 90 112.618(2) 113.423(1) 90
v [°] 102.8770(10) 90 90 103.041(2) 102.481(1) 90
VA% 3649.2(5) 7278.9(7) 15119(5) 3630.7(8) 3618.4(5) 14937(5)
Peatea [gem ] 1.297 1.370 1.324 1.411 1.409 1.422
F (000) 1501.0 3162.0 6426.0 1626.0 1632.0 6808.0
T [K] 100(2) 100(2) 100(2) 100(2) 100(2) 100(2)
p (M, K,) [mm™] 0.118 0.122 0.117 0.126 0.178 0.179
Crystal Dimensions [mm] 0.60x0.40%0.40 0.40x0.20%0.20 0.40%0.40%0.40 0.60x0.40%0.40 0.60x0.40 % 0.40 0.60%0.40%0.40
No. of Reflections Collected 14554 15176 18455 20154 24893 13203
No. of Unique Reflections 9589 11337 11758 15385 18111 11534
R, (I> 20 (1)) 0.0761 0.0662 0.0852 0.0769 0.0962 0.1059
WR, (all data) 0.2173 0.1951 0.2407 0.2343 0.2853 0.2926

Figure 4. a—f) The cell superstructures of inclusion complexes 1-6, respectively. The hydrogen atoms and H,O
molecules are omitted for the sake of clarity. 3-CDs are colored orange and the bipyridine guests are colored

blue except, for the sulfur atoms which are colored yellow.

primary side of the -CD (dc y..o=2.41 A), which fixes the
orientation of the guest molecule inside the (-CD cavity.
This dimerization can be attributed to the cooperative inter-
actions of ten H-bonding interactions between the secon-
dary OH groups of two adjacent B-CD units, as well as the
ni—rt stacking of two pyridine rings B and B’ (13° dihedral
angle and 3.72 A centroid—centroid separation) in the two
guest molecules. Furthermore, the dihedral angles between
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the plane of these pyridine
rings A (A’) or B (B’) in 4,4-
vinylenedipyridine and the
heptagons composed of seven
glycosidic oxygen atoms (O4-
heptagon) in B-CD are 67°
(101°) or 89° (84°), and the
centroid—centroid separations
between them are 143
(3.63) A or 5.19 (3.73) A, indi-
cating that one 4,4'-vinylenedi-
pyridine molecule with pyri-
dine rings A and B is included
shallowly in a B-CD cavity
while the other one with pyri-
dine rings A’ and B’ is deeply
included in the cavity. The di-
hedral angle between the pyri-
dine rings A (A’) and B (B’) in
4,4'-vinylenedipyridine is 40°
(39°). However, the crystal su-
perstructure!* of 4,4'-vinylene-
dipyridine (Figure 5), obtained
from H,O, shows that the dihe-
dral angle between the pyri-
dine rings A and B is 20°. The

4,4'-vinylenedipyridine molecules are self-assembled through
three H-bonding interactions linked by H,O molecules

-

O T R G S

sl
%

Figure 5. The crystal superstructure of 4,4"-vinylenedipyridine.
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(deg0=239 A, doy.x=2.00 A, do5.x=2.05 A). No n-n
interactions can be found in the superstructure. These re-
sults indicate that the geometry and packing mode of the
guest molecule can be altered by the complexation inside
the cavity of 3-CD.

In the case of complexes 4 and S5 with nonconjugated
guests (Figures 4d and 4e and Figures S9d and S9e of the
Supporting Information), although their crystal system and
space group are the same as that for complex 1, the inclu-
sion geometry of host and guest in the superstructures 4 and
5 have several differences compared with that in 1. Two 4,4'-
ethylenedipyridine or two 4,4'-dithiodipyridine molecules
with the cis configuration are included inside the cavities of
B-CD in two different directions, forming dimeric super-
structures. Some key dihedral angles and centroid—centroid
separations in the dimers are listed in Tables 3 and 4, respec-

Table 3. Some dihedral angles in the pyridine rings A (A’) and B (B’),
and O4-heptagon of crystal superstructures 1-6.

Dihedral Angle [°] 1 2 3 4 5 6
A/B 40 1 23 51 80 99
B/A’ 39 15 - 47 77 -
A (A)/Od-heptagon 67 (101) 64 (65) 85 18(33) 59 (58) 125
B (B')/Od-heptagon 89 (84)  65(65) 90 42(37) 50 (48) 52
B/B’ 13 1 21 17 4 32

Table 4. Some centroid-centroid separations in the pyridine rings A (A’) and B (B’), and O4-heptagon of crys-

tal superstructures 1-6.

J. F. Stoddart et al.

rings. There are two H-bonding interactions between the
host and guest, that is, a N atom in 4,4'-dithiodipyridine and
a secondary OH group in an adjacent 3-CD ring (do-p.x=
2.53 A), as well as an S atom in 4,4'-dithiodipyridine and an
H atom in a glucopyranose ring of B-CD (dcg.s=2.93 A)
and the s interaction of two pyridine rings B and B’ in a
face-to-face arrangement (4° dihedral angle and 3.76 A cent-
roid—centroid separation). We attribute the different guest
orientations to the stabilization afforded by the H-bonding
interaction between the guest and host -CD.

Superstructure 2 belongs to monoclinic crystal system
(Figure 4b and Figure S9b of the Supporting Information).
Two 2,2'-vinylenedipyridine molecules with trans configura-
tions are included inside two 3-CD cavities, forming a head-
to-head dimer arrangement. The seven H-bonding interac-
tions between secondary OH groups in two adjacent $-CD
units and the m—m stacking between two pyridine rings B
and B’ (1° dihedral angle and 3.73 A centroid—centroid sepa-
ration) in the 2,2'-vinylenedipyridine molecules can be
found in the dimer. The dihedral angles between the plane
of the pyridine rings A (A’) or B (B’) in the 2,2"-vinylenedi-
pyridine molecule and the O4-heptagon in (-CD are 64°
(65°) or 65° (65°), and the centroid—centroid separations be-
tween them are 2.92 (3.46) A or 2.67 (3.04) A, values which
indicate that the two 2,2'-vinylenedipyridine molecules are
located almost at the middle of
the B-CD cavities. This result
is different from that in super-
structure 1.

Centroid-Centroid Separation [A] 1 2 3

S 6 Compared with complexes

A (A')/O4-heptagon 143 (3.63) 392 (346) 371
B (B')/O4-heptagon 519 (3.73) 267 (3.04) 401
B/B’ 372 373 3.80

094 (387) 272(327) 296 1,2, 4, and 5, the unit cells for
384 (1.10) 346 (3.11) 316 gyperstructures 3 and 6 (Figur-
3.89 3.76 3.02

es4c, 4f, and Figures S9c and

tively, indicating that the two 4,4'-ethylenedipyridine mole-
cules are included shallowly in the cavities, whereas one
4,4'-dithiodipyridine molecule with A and B pyridine rings
is included shallowly, while the other one with A’ and B’
pyridine rings is located almost in the middle of the cavity.
In the unit cell of 4, the two 3-CDs of the dimer are con-
nected by ten H-bonding interactions between the OH
groups on the secondary faces of the 3-CD rings. In particu-
lar, there are three H-bonding interactions between the host
and guest, that is, an H atom (H,) in 4,4"-ethylenedipyridine
and a glycosidic O atom in the B-CD ring (dc_y..o=2.55 A),
a N atom in 4,4'-ethylenedipyridine and a secondary OH
group in the B-CD ring (do y.n=2.61 A), and the N atom
and an H atom in a glucopyranose ring of adjacent 3-CD
(de—p.n=2.45 A)—and a weak m—mn interaction between two
pyridine rings B and B’ in a face-to-face arrangement (17°
dihedral angle and 3.89 A centroid—centroid separation).
Hydrogen bonding interactions involving glycosidic O atom
are not common in crystal superstructures of f-CD with
guest molecules. In the unit cell of 5, the two -CD rings in
the dimer are connected by five H-bonding interactions be-
tween the OH groups on the secondary sides of the 3-CD
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S9f of the Supporting Infor-

mation) show only one inclu-
sion geometry between the host and the guests. Although
they do not form dimers in the unit cells, their complexes
self-assemble to form the dimeric superstructures as shown
in Figure 6 and Figure S10 of the Supporting Information. In
the case of complex 3, the 1-(2-pyridyl)-2-(4-pyridyl)ethy-
lene molecule with trans configuration is located on one side

< 1]

Figure 6. The dimeric superstructures of the inclusion complexes a) 3 and
b) 6. The H atoms and H,O molecules are omitted for the sake of clarity.
The B-CD rings are colored orange and the bipyridine guests are colored
blue, except for the sulfur atoms which are highlighted in yellow.
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of the B-CD cavity. The dihedral angles between the plane
of the pyridine rings A or B in the 1-(2-pyridyl)-2-(4-pyri-
dyl)ethylene molecule and the O4-heptagon in 3-CD are 85°
or 90°, respectively, and the centroid—centroid separations
between them are 3.71 or 4.01 A. There are 12 H-bonding
interactions between secondary OH groups of two adjacent
B-CD units and a weak m—m stacking between the two pyri-
dine rings B and B’ (21° dihedral angle and 3.80 A centroid—
centroid separation) of 1-(2-pyridyl)-2-(4-pyridyl)ethylene in
the dimeric superstructure. For the complex 6, the 2,2'-di-
thiodipyridine molecule with cis configuration is located
almost at the middle of the 3-CD cavity. The dihedral angle
between the plane of the pyridine rings A or B in the 2,2'-
dithiodipyridine molecule and the O4-heptagon in (-CD is
125° or 52°, and the centroid—centroid separations between
them are 2.96 or 3.16 A. There are 16 H-bonding interac-
tions between secondary OH groups of two adjacent $-CD
units and no m—x stacking between the two pyridine rings B
and B’ (32° dihedral angle and 3.02 A centroid—centroid sep-
aration) of the 2,2’-dithiodipyridine molecules in the dimer.
Interestingly, two H-bonding interactions (d¢y.5=2.82 A
and dc_4;.s=2.82 A) between the S atoms and H atoms (Hp)
in the 2,2"-dithiodipyridine molecules are present in the di-
meric superstructure.

The head-to-head dimers of the complexes 1-6 self-assem-
ble to form polymeric supermolecules, by means of an H-
bonding network (see Figure 7 and Figure S11 of the Sup-
porting Information). For superstructures 1, 4, and 5, each
dimer connects tightly with the adjacent dimers through a
relatively complicated inter dimer H-bonding system involv-
ing the 3-CD’s C6-OHs, the guest molecules, and H,O mole-

Figure 7. The packing arrangements of the complexes a) 1, b) 2, and c) 3. The H atoms and H,O molecules are
omitted for the sake of clarity. The 3-CD rings are colored orange and the bipyridine guests are colored blue.
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cules. Notably, there is a kind of H-bonding interaction
(do 11.n=1.83 A) between a N atom in the pyridine ring A
of 4,4'-vinylenedipyridine in the dimer and a primary OH
group in adjacent dimers in the superstructure 1. These in-
terconnections enable the dimers to form a linear supra-
molecular aggregate (AAAA type) in the solid state of the
complexes 1, 4, and 5. In the case of complex 2, the adjacent
head-to-head dimers self-assemble, resulting in the forma-
tion of wave-like polymeric supermolecules (ABAB type)
involving inter dimer H-bonding interactions. In particular,
there is a kind of H-bonding interaction between an H atom
(H,) in the pyridine ring B of 2,2"-vinylenedipyridine mole-
cule in the dimer and a primary O atom in the adjacent
dimer (dc_y..0=2.43 A). In the case of the superstructures 3
and 6, the adjacent head-to-head dimers self-assemble to
form large wave-like polymeric supermolecules (ABAB
type) involving inter dimer H-bonding interactions. More-
over, the strong H-bonding network formed by the OH
groups of (3-CD, guest molecules, and intervening H,O mol-
ecules stabilize the aggregations 1-6 and further extend the
aggregations to a higher architecture level. That is to say, H-
bonding interactions play a central role in the formation of
the polymeric supermolecules.

The crystallographic investigations of the inclusion com-
plexes 1-6 of $-CD with bipyridine molecules have demon-
strated that the guest molecules are enclosed inside the
cavity of $-CD by hydrophobic and H-bonding interactions.
In the present examples, the H-bonding interactions (espe-
cially for the C—H--O ones) between the host and guest act
as a major driving force for the formation of the supra-
molecular species. It has already been demonstrated that C—
H---O interactions are an impor-
tant consideration in many bio-
logical situations and in supra-
molecular systems.**!  High-
level theoretical investigations
have provided computational
support for interactions of 2—
3kcalmol™ between a-CH
bonds and peptide carbonyl O
atoms in neutral systems such
as amides, dimerizations, and
protein folding.*®®! As the com-
plexation of superstructures 1-6
occur in aqueous media, the
driving force coming from nu-
merous C—H--O  hydrogen
bonding interactions plays a
substantial role. Accordingly,
we can also deduce that the dif-
ferent arrangements of the
guest molecules in the B-CD
cavities can be ascribed to the
differences of N atom position
and bridge-bond links between
the two pyridine rings in the bi-
pyridine guests. In the com-
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plexes 1, 4, and 5, the guest molecules possessing N atoms
at their 4,4'-positions are included inside the f-CD cavities
in two different orientations, thus leading to an “ordered”
spatial arrangement of the resultant aggregates (AAAA
type). However, in the superstructures 2, 3, and 6, the bipyr-
idine guests, possessing N atoms in their 2,2’- or 2,4'-posi-
tions, are included inside the B-CD cavity, which then form
a “less-ordered” spatial arrangement of the aggregates
(ABAB type). Thus, the present crystal superstructures of
the complexes 1-6 not only shed significant light on solution
work, but they also imply that structural features discussed
in this section may be the essence of the molecular recogni-
tion of B-CD with the bipyridine molecules. These results
provide valuable insight for the understanding of the spatial
topology of biotic acceptors with different model substrates
in the solid state, as well as on the inclusion complexation
mechanism of 3-CD with structurally similar guests.

Conclusions

The binding behavior and geometrical properties of $-CD
complexes with structurally similar bipyridine molecules
have been investigated in both solution and the solid state.
It was of particular interest to us to investigate how and to
what extent the difference of heteroatom position and
bridge-bond links on the bipyridine framework of the guests
affects the geometrical properties, binding ability, and self-
assembly behavior of CD. Therefore, we sought to elucidate
the correlations between the binding mode and the thermo-
dynamic parameters of the host—guest complexation. The
NMR and microcalorimetry investigations indicate that f3-
CD and bipyridine molecules can form 1:1 host-guest inclu-
sion complexes with moderate complex formation constants.
Unexpectedly, however, the guest molecules display differ-
ent inclusion geometries in the 3-CD cavity in aqueous solu-
tion, resulting in variable molecular recognition abilities by
B-CD. The crystal structures for the complexes 1, 4, and §
present “ordered” supramolecular aggregates (AAAA
type), in which the guest molecules with two orientations
are located in the 3-CD cavities. By contrast, the complexes
2, 3, and 6 give “less-ordered” supramolecular aggregates
(ABAB type). The complexation of 3-CD with the guests is
driven by H-bonding interactions. The H-bonding interac-
tions between the host and guest result in the remarkable
differences of both the guest shape and the location in the
cavity, supporting significantly the induced-fit concept.
These new observations, along with the easy synthesis of -
CD/bipyridine complexes, indicate that, with judicious
design, highly ordered supramolecular arrays can be ach-
ieved conveniently in a controllable way, a situation which is
useful for understanding of supramolecular recognition and
aggregation phenomena on a more global scale.
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Experimental Section
Materials and Instruments

B-Cyclodextrin (B-CD), 4,4-vinylenedipyridine (pK, =4.8 and pK,=
5.9),47 22"-vinylenedipyridine, 1-(2-pyridyl)-2-(4-pyridyl)ethylene, 4.4'-
ethylenedipyridine, 4,4'-dithiodipyridine (pK, =4.0 and pK,=>5.1),*
and 2,2'-dithiodipyridine (pK,;<1.0 and pK,,=2.5)*! were purchased
from Aldrich and used as received. Based on the structural similarities of
these bipyridine guests, the pH values used for the '"H NMR and microca-
lorimetric titration experiments were well removed from the pK values
at which protonation of the guests occurs. Thus, the complication of
having more than one species of guest presented in the solutions was
avoided.!! "TH NMR spectra were recorded on a Briikker Avance 500
spectrometer at 25°C using D,O as the solvent. The pD values of the sol-
utions in the NMR experiments were determined to be about 6.7. Under
the current conditions, the nitrogen atoms in the bipyridine guests will
not be protonated. Chemical shifts are reported as parts per million
(ppm) downfield from the signal of Me,Si as internal standard for
'"H NMR spectroscopy. High-resolution matrix-assisted laser desorption/
ionization spectra (HR-MALDI) were measured on an AppliedBiosys-
tems DE-STR MALDI time-of-flight mass spectrometer. The reported
molecular mass (m/z) values were the most abundant monoisotopic mass.
An isothermal calorimeter (MicroCal Inc., Model No.: VP-ITC) was
used for all microcalorimetric experiments (pH 7.0). All solutions were
degassed and thermostatted using a ThermoVac accessory prior to the ti-
tration experiments. The X-ray intensity data were collected on a Bruker
Smart 1000 CCD-based diffractometer at 7=100 (2) K. The structures
were solved by using the direct method and refined, employing full-
matrix least squares on F* (Siemens, SHELXTL).

Syntheses

Inclusion Complex 1 of §-CD with 4,4'-Vinylenedipyridine: An ethanolic
solution (10 mL) of 4,4'-vinylenedipyridine (0.18 g, 1 mmol) was added
dropwise to an aqueous solution (40 mL) of B-CD (1.13 g, 1 mmol) and
the mixture was stirred at 50°C for 5 h. The solution was cooled to room
temperature, and the precipitate which formed was filtrated and washed
with H,O. The product was dried in vacuo to give a colorless powder
complex 1 (1.02 g, 78%). '"H NMR (500 MHz, D,0, TMS): 6 =3.46-3.50
(m, 7H), 3.53-3.56 (m, 7H), 3.65-3.68 (m, 7H), 3.75-3.82 (m, 21H),
4.96-4.97 (d, 7H), 7.26 (s, 2H), 7.47-7.48 (d, 4H), 8.42-8.43 ppm (d,
4H); MS (HR-MALDI): caled for CsHgyO35N, m/z=1317.2054, found
ml/z=1316.2837 [M*].

Inclusion Complex 2 of -CD with 2,2'-Vinylenedipyridine: The colorless
inclusion complex 2 (0.97 g, 74%) was prepared from B-CD (1.13 g,
1 mmol) and 2,2’-vinylenedipyridine (0.18 g, 1 mmol), employing proce-
dures similar to those described above. '"H NMR (500 MHz, D,0, TMS):
0=3.44-3.48 (m, 7H), 3.51-3.54 (m, 7H), 3.71-3.77 (m, 21H), 3.81-3.85
(m, 7H), 4.94-4.95 (d, 7H), 7.27-7.29 (m, 2H), 7.43 (s, 2H), 7.58-7.59 (d,
2H), 7.77-7.80 (m, 2H), 8.42-8.43 ppm (d, 2H); MS (HR-MALDI):
caled for Cs,Hg)O3sN, m/z =1317.2054, found m/z=1316.3521 [M*].
Inclusion Complex 3 of B-CD with 1-(2-Pyridyl)-2-(4-pyridyl)ethylene:
The grayish inclusion complex 3 (0.89 g, 68 %) was prepared from -CD
(1.13 g, 1 mmol) and 1-(2-pyridyl)-2-(4-pyridyl)ethylene (0.18 g, 1 mmol),
employing procedures similar to those described above. 'H NMR
(500 MHz, D,O, TMS): 6 =3.41-3.51 (m, 14H), 3.64-3.79 (m, 28 H), 4.91-
492 (d, 7H), 7.22-7.24 (m, 1H), 7.30-7.31 (d, 2H), 7.46-7.47 (d, 2H),
7.50-7.51 (d, 1H), 7.72-7.75 (m, 1H), 8.37-8.39 ppm (m, 3H); MS (HR-
MALDI): caled for CsHgO35N, m/z =1317.2054, found m/z=1316.2469
[MH].

Inclusion Complex 4 of $-CD with 4,4'-Ethylenedipyridine: The colorless
inclusion complex 4 (1.06 g, 81%) was prepared from B-CD (1.13 g,
1 mmol) and 4,4-ethylenedipyridine (0.18 g, 1 mmol), employing proce-
dures similar to those described above. '"H NMR (500 MHz, D,0, TMS):
0=2.98 (s, 4H), 3.43-3.53 (m, 21H), 3.66-3.73 (m, 42H), 4.92-4.93 (d,
7H), 7.04-7.05 (d, 4H), 8.23-8.24 ppm (d, 4H); MS (HR-MALDI): calcd
for Cs4Hg,O35N, m/z=1319.2213, found m/z =1318.4428 [M*].
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Inclusion Complex 5 of §-CD with 4,4'-Dithiodipyridine: The colorless
inclusion complex 5 (1.00g, 74%) was prepared from B-CD (1.13 g,
1 mmol) and 4,4'-dithiodipyridine (0.22 g, 1 mmol), employing procedures
similar to those described above. 'H NMR (500 MHz, D,0, TMS): 0=
3.42-3.53 (m, 21H), 3.66-3.73 (m, 21H), 4.91-4.92 (d, 7H), 7.38-7.39 (d,
4H), 8.32-8.33 ppm (d, 4H); MS (HR-MALDI): calcd for C5,H73035N,S,
m/z=1355.2981, found m/z =1354.3167 [M*].

Inclusion Complex 6 of §-CD with 2,2’-Dithiodipyridine: The colorless
inclusion complex 6 (0.97 g, 72%) was prepared from $-CD (1.13 g,
1 mmol) and 2,2'-dithiodipyridine (0.22 g, 1 mmol), employing procedures
similar to those described above. '"H NMR (500 MHz, D,0O, TMS): 6=
3.42-3.46 (m, 7H), 3.49-3.51 (m, 7H), 3.64-3.69 (m, 21H), 3.77-3.81 (m,
7H), 4.91-4.95 (m, 7H), 7.20-7.21 (d, 2H), 7.50-7.52 (d, 2H), 7.63-7.66
(m, 2H), 829-830ppm (d, 2H); MS (HR-MALDI): calcd for
C5,H75035N,S, m/z=1355.2981, found m/z =1354.3353 [M*].

Preparation and Data Collection of Crystals 1-6: A powdered sample of
the complex was dissolved in hot H,O to make a saturated solution,
which was then cooled to room temperature. After removing any precipi-
tates by filtration, a small amount of H,O was added to the filtrate. The
resultant solution was kept at room temperature for several days. Crys-
tals were collected for X-ray crystallographic analyses. The crystal data,
experimental and refinement parameters for the complexes 1-6 are
shown in Table 2. Because of the occurrence of many disordered H,O
molecules in the crystals, some of the oxygen atoms in these disordered
H,O molecules did not give reasonable O—H bond lengths. For the $-CD
and guests, all non-hydrogen atoms were refined anisotropically and hy-
drogen atoms were placed at idealized positions in a riding model.

CCDC 610479 for 1, CCDC 629367 for 2, CCDC 629365 for 3,
CCDC 610480 for 4, CCDC 629363 for 5, CCDC 629364 for 6, and
CCDC 629366 for 4,4'-vinylenedipyridine contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre at
www.ccdc.cam.ac.uk/data_request/cif.

General Methods

Job Plots: Typically, the total concentrations of guest and f-CD were
maintained at 1.0 ~5.0x107° moldm in D,O, while the molar ratios of
guest and B-CD were varied from 1:0 to 0:1 in steps of 0.1. The '"H NMR
spectra of the samples were recorded at 25°C. The Job plots were drawn
based on the induced chemical shifts of the observed protons in the guest
and B-CD, respectively.

'"H NMR Titration Experiments: Typically, a sample of guest (host) was
dissolved in D,O (generally concentrations of about 0.5-1.0x
10~ moldm ™ were used). A portion of this solution was used as guest
(host) NMR sample, and the remainder was used to dissolve a sample of
the host (guest), so that the guest (host) concentration remained constant
throughout the titration. Successive aliquots of the host (guest) solution
(about 0-2.0x107° moldm™) were added to the guest (host) NMR
sample, and '"H NMR spectra were recorded after each addition at 25°C.

Microcalorimetric Titration: The microcalorimetric titrations were per-
formed using an isothermal titration microcalorimeter at atmospheric
pressure and 25°C in aqueous phosphate buffer solution (pH 7.0). In
each run, a buffer solution of the 3-CD host in a 0.250 mL syringe was
sequentially injected with stirring at 300 rpm into a buffer solution of the
guest in the sample cell (1.4 mL volume). Each titration experiment was
comprised of 30 successive injections. A control experiment was per-
formed to determine the heat of dilution by injecting a host buffer solu-
tion into a pure buffer solution, containing no guest. The dilution enthal-
py was subtracted from the apparent enthalpy obtained in each titration
run, and the net reaction enthalpy was analyzed by using the “one-set-of-
binding-sites” model. The Origin software (Microcal) was used to deter-
mine simultaneously the complex formation constant (Kg) and reaction
enthalpy (AH") with the standard derivation on the basis of the scatter of
data points from a single titration experiment. Two independent titration
experiments were performed to afford self-consistent parameters and
give the averaged values.
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