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Abstract

This article reviews recent progress in our understanding of molecular rectangles and rectangular boxes. The synthesis of macrocycles that
contain nitrogen-, oxygen-, sulphur- and phosphorus-bridged ligands is described. Synthetic routes for the preparation of the metallomacro-
molecules including stepwise and self-assembly strategies as well as their photophysical and molecular recognition properties are discussed
Preliminary applications of such compounds as chemical sensing devices are also briefly reviewed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Interest in the design and construction of transition metal
mediated self-assembled supramolecular entities has expe- |
rienced extraordinary progress during the past decade be-
cause of their potential for use as sensors, probes, pho- C%* +2G +2I
tonic devices, catalysts and in basic host—guest chem-
istry [1-11]. The fabrication of various lower- and higher-
symmetry polygons such as triangles, squares, pentagons,
hexagons, cages, and boxes has been successfully develC = blockingidirecting ligand
oped[12-18] Recent reviews have focused on novel strate- °© = transition metal comer
gies for metal-mediated self-assembly in the construction
of numerous metallosupramolecular squares with interest- Scheme 1.
ing functions[14,17] Subsequent efforts have been devoted
to the synthesis of molecular rectangles with improved se-
lectivity and sensitivity with respect to molecular recog- 2. Molecular rectangles containing nitrogen-bridged
nition and separation compared to molecular squares. De'ligands
spite their relative simplicity, molecular rectangles have re-
mained rather uncommon. In comparison with various sym- 2 1. Synthesis of Re-based molecular rectangles
metry polygons, it is difficult to assemble molecular rect-
angles by the simultaneous mixing of two rigid ligands  The self-assembly of metal-containing rectangles from
of different lengths withcis-protected metal corners. The  ciscoordinated transition metal corners and two different
most important reason is that the strong enthalpic driv- rigid or semi-rigid bifunctional ligands is a challenge. How-
ing force favours the formation of two types of molecular ever, using a stepwise synthetic route, molecular rectangles
squares instead of molecular rectangle&a,c] as shown in can be prepared. Hupp and co-workgi@] synthesized the
Scheme 1 molecular rectanglekin a step-wise fashion by first creating

Molecular rectangles represent a unique class of metallo- 5 stable bimetallic edge using 2/@pyrimidine (bpym) and
cycles because their preparation remains a challenge and gnen adding bifunctional pyridine based ligan8siieme
rectangular cavity would reasonably be expected to offer en- A family of molecular rectangles containing a rigid, dian-
hanced binding and selectivity. Hence, in this review article, jgnic benzimidazolate bridge has been synthesized by Hupp
we highlight progress in the development of molecular rect- anq co-workerg20]. Rectangle2 offers significant advan-
angles and discuss their photophysical properties and somgages in overall charge neutrality, and luminescence proper-

= open coordination site

preliminary applications. ties. Details of the synthesis of the molecular rectadgiee
oG &o og, Lo oG, &o
0C—Re—Cl 0C—Re—N—L—N—Re—CO
co m 4= 1) 2Ag(OTf)/acetone Y N‘ ”N
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shown inScheme 3The solid-state packing &findicates that

yields rectangle8 and 4a, respectively. The distance be-

(a) the intramolecular cavity openings of all the molecules tween the two porphyrins idais within 3.4A, slightly less
are similarly aligned and (b) intermolecular vacancies also than the estimated van der Waals contact distanceA)3.6
exist, which are effectively available for the uptake of guest The collapsed cavity is too narrow for the incorporation of

molecules.

Hupp and co-workerf21] demonstrated that the reaction
of bis(4-ethynylpyridyl)porphyrin with [Rg§CO)sCla(.-
bipyrimidine)] or a[Re(CO)s(w-bis(benzimidazolate)) edge

guest molecules. However, the bent geometry of the nom-
inally rigid ethynylpyridyl porphyrin ligand edges imparts
significant charge-transfer characteristics to the rectangles.
A salen-containing rectangth has also been assembled by
a similar synthetic routf22].

4+
oc, £O oc, £O
o el Al \s
OC—Re L Re—CO OC—Re L Re—CO
(l\f 9Nj> ( '\f Iy 4% 4%
d 4
H M) OHD O
N l}l/ N N/ N J N J
s \5 \5 \5
OC—Re L ng—co OC—Re L Re—CO
ocl %o od %o ocl %o ocl %
3 4
3, da, L =
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The molecular rectangles {Re(CO}(n-bpy)Br} Table 1 _ _ o _
{Re(CO);(u-L)Br}]z (5, L=pyrazine (pz);6, L=44- Molecularmodellmgdataofmt?ratomlcdlstances-(RBe)|n5—8
dipyridylacetylene (dpa)7, L =dipyridylbutadiyne (dpb); Rectangle Re—bpy-R&[ Re-L—Re f) L
and 8, L=1,4-bis(4-pyridylethynyl)-benzene (bpeb)) -5 11.4 (11.440) 7.19 (7.218 pz
have been synthesize[®3a], as shown inScheme 4 6 11.4 14.0 dpa
Treatment of Re(C@Pr with MesNO in CHCN at 7 ﬂ-j ;g-g gpbb
0°C give Re(CO)(NCMe)Br, which on reaction with : i pe

4,4-bipyridine (bpy), affords the{Re(CO}Br}2(-bpy) D?;’;‘rﬂe;}fa(‘yf;?:;‘c;ﬁfﬁz"ﬂélysis

edge. Further treatment of the bimetallic edge with '

MesNO at 5°C followed by the addition of pyridyl lig-

ands affords5-8. Following a similar strategy, complexes With the aim of constructing molecular prisms via a

[{Re(CO}(p-bpe)Br{Re(CO}(p-L)Br}l2  (bpe =trans: self-assembly process by using tfec-Re(CO} corner

1,2-bis(4-pyridyl)ethylene); (L = pz and bpy) have also been system, a unique class of rhenium-based, neutral, lumi-

synthesized23b]. nescent rectangular boxes were prepg@. Complexes
The solid-state packing &fpresents an infinite number of  [{(CO)Re(wo-OR),Re(CO¥} 4(pa-tpebd] (9, R=CgHi7;

open-end channels because of the effective stacking of 10, R = CyoHos; 11, R=GH7; tpeb=1,2,4,5-tetraethynyl(4-

the aromatic rings of the molecules. The results of a molec- pyridyl)benzene) have been obtained in excellent yields at

ular modelling study o5-8 (Table J reveal that a cavity  elevated temperatures by mixing/REO)0and the tetraden-
dimension of 11.A x 20.8A could be achieved by selecting  tate ligand (tpeb) in a 2:1 ratio in the alcohol of interest
the appropriate acetylene-containing bipyridyl ligands. (Scheme %

9, R=CgHy7
10, R=CyoHys
11, R=C;Hy

Scheme 5.
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A single-crystal X-ray study of1revealed a rectangular  Table 2
box architecture with a core geometry consisting of a heavy Absorption and emission spectral and excited state lifetime dat-8in
atom prism made up of eight Re atoms. Two tpeb ligands are CHzClz at 298K _ — —
coordinated to four{(CO)gRe(ug—OCHZCGH5)2Re(CO);} Compound Absorption Emission Lifetime
edge moieties, thereby forming a tetragonal prism. Amax (nM) Amax (M) * ()

5 252, 336 606 86

. 6 259, 352 611 86

2.1.1. Photophysics _ 7 259, 323, 357 616 72
The ground state absorption spectruni shows asolva- g 260, 351 616 495

tochromic band at 484 nm and a solvent insensitive band atp,; collected from ref23a)
322 nmin DMS{19]. The former band is assigned te@Re)
to aw (bpym) charge-transfer (MLCT) and the latter to an
aromatic ligand localized transition. Upon excitationlah Table 2summarizes the spectral absorption dat&-.
CHsCN, no detectable luminescence is observed. The parentThe electronic absorption spectra ®f8 [23] exhibits two
complex [CI(CO}Rebbpym] is also non-luminescent. An  absorption bands in the near-UV region. The bands, which
electrochemical investigation dfshows that both reduction  appear at higher energy, are assigned to a ligand cemtred
and oxidation irreversible waves are observed for these rect-transition and the lower one to a metal-to-ligand charge-
angles. Based on spectroelectrochemical studies, Kaim andransfer (MLCT) transition. These results are consistent with
co-workergq25] reported a sequence of site-specific electron previous report§3a,5].
transfer processes fio The maxima of emission spectrai[h,) and the excited-
The Re-based rectangkeshows an absorption band in  state lifetime ¢) of 5-8 are summarized ifable 2 The broad
the high energy region of the absorption spectrum and lumi- luminescence spectra 6£8 indicates that the luminescence
nescence in both solutioi fax=617 in THF) and the solid  originates solely from the lowedMLCT state. The assign-
state dmax=572nm)[20]. The lifetime of the rectangl2is ment of the lowest emitting level as MLCT in character is
high in the deoxygenated solvents(CHCI3) =238 ns but supported by the position and shape of the emission band and
(THF/MeOH) =t (THF/MeOD) =26 ns. The comparatively the emission lifetime, which is consistent with previously re-
long lifetimes and substantial emission Stokes shifts suggestported datg26—28] Though the emission lifetimes &7
that the emission o2 occurs from a predominantly triplet  are similar, itis very high fo8. The probable explanation for
charge-transfer state. this is that the!MLCT state of8 is suitably positioned such
The visible-region electronic absorption spectra¥and that it is away fror®MC as well as from the ground state.
4a exhibit porphyrin-based B- and Q-bands. The Q-bands A possible alternative explanation for the long lifetime8of
for 3 and4a are red-shifted by 20 and 10 nm, respectively, compared t&—7 is the involvement of the extendedsystem
while comparing the Q-band for free porphyrin. This is con- of the bpeb ligand.
sistent with the electron withdrawing nature of the coordi- Cyclic voltammetric data fa6—8 in CH>Clo> show two re-
nated metal. It has been experimentally shown that the cavityduction waves and three oxidation waves. The first reduction
collapse i3 and4aalters the rectangle’s electronic structure wave at around-1.0V versus SCE is assigned to the reduc-
and develops significant porphyrin-localized charge-transfer tion of the non-bpy ligand, and the second reduction to the
character to both B- and Q-band transitions. The incorpo- bpy ligand. The first oxidation d5—8 around 0.4V may be
ration of fac-Re(CO} corners into the (salen)Zn species in assigned to oxidation of the bromide if20]. The quasire-
4b results in a small change in the absorption spectrum, in- versible oxidation waves observed in the range 1.35-1.70V
dicating the contribution of Reharge-transfer to (salen)Zn  versus SCE may be attributed to the oxidation of the metal
specie$22]. On excitation of their MLCT band, the emission centres presentinthe rectangle. This redox behaviour of these
maximum is also red-shifted from 677 to 694 nm Band rectangles can be exploited in their utilization as electron
to 704 nm fordain comparison to the free porphyrin. Badh donors in the efficient electron transfer reactions with elec-
and the free porphyrin have the same emission lifetime, 1.3 nstron acceptors and electron don{s8].
with an emission too weak for a reliable measuremeniof The UV-vis spectra d11shows a sharp absorption near
In4b, the (salen)Zn moiety is fluorescent atroom temperature 318 nm and a shoulder at 363 nm in TEH]. The sharp in-
in solution and electronic energy transfer occurs within the tense absorption at 318 nm is consistent withithe” tran-
salen assemblies. Cyclic voltammetry studie8 ahd4ain sition of the highly conjugated bridging ligand tpeb, and the
THF show reversible reduction potentials. For free porphyrin: shoulder at 363 nm to the MLCT transition (Retpeb). Al-
—0.96 and-1.39V;, for3: —0.70,—0.95,—-1.06,—1.18 YV, though, the emission could not be detected at®RL1 are
and for4a —0.89, —1.08, and—1.20V versus Ag/AgCI. emissive at 77 K and photophysical data are giveTeinle 3
All are assigned as porphyrin reductions, except the firstand The rectangular boxe® and 11 are weakly emissive at
fourth reductions foB. The relatively good reduction waves room temperature when pyridine is used as the solvent. The
accessible to the coordinated bipyrimidine edges suggest re-emission maxima are at 636 nm faéand at 641 nm fofl.0;
dox quenching and may account for the attenuation of the an emission spectrum could not be obtainedifpyrsince it
fluorescence @8. is insoluble in pyridine. The emission lifetimes #fand 10
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Table 3

Spectral and photophysical datadfL1

Box? Absorptionimax (nm) Emissiommay (nm) Quantum yield$) x 104 Lifetime (7) ns Emission (77 K) Amax (nm)
9 208, 321, 369 (sh) 655 2.88 52 628

10 208, 320, 357 (sh) 645 9.77 66 624

11 208, 321, 360 (sh) 667 1.40 26 624

Data collected from ref24].
2 For9 and10, 20% THF-80% HO and forl1, 20% DMF-80% HO were used.
b For9 and10, THF and forll, DMF were used as solvents.

in pyridine at room temperature are 22 and 37ns, respec-5 x 10* M—1, whereas quinuclidine was found to bind4a
tively. To improve the luminescence propertie9el 1, the with Kg =2 x 10° M~1, suggesting that these guests are bind-
emission spectra in organic solvent-water mixtures were ing to the exterior ofla.

recorded, and the results are presentetiable 3 Interest- Since Re-based rectang®s8 possess a large cavity and
ingly, a significant improvement is observed in the emission are luminescent in naturi@3], redox quenching reactions
intensity 0f9-11in 80% H,0-20% organic solvent mixture.  of 5-8 with several organic electron acceptors and electron
The enhanced emission in the presence of water might be dugjonors were studied. Interestingly, these substrates efficiently

to the formation of self-aggregates. quench the luminescence 6£8, with quenching rate con-
stants Kg) in the range 3. 10—6.2x 101*M~1s™1. The
2.1.2. Molecular recognition decrease in the emission intensity bith an increase in

In order to understand the binding ability of rectange =~ the concentration of the quencher (1,2-chloranil) is shown
2,6-naphthelenedisulfonate was selected as a guest molecul Fig. 1 Although, the Stern-Volmer plots drawn from the
[19]. The binding ability ofl was monitored by followingthe  luminescence intensity and lifetime data are linear, intensity
change in the chemical shift of protons By NMR and the guenching is more efficient than lifetime quenching imply-

reported binding constant value is close to2.80° M1, In ing the contribution of static quenchifigl,32] The associ-
addition to a van der Waals component, Coulombic interac- ation constants for the binding of 1,4-naphthaquinone with
tions favour host—guest interactions. 6-8 are 280, 295, and 1202M, respectively, and for 9,10-

The emission of the Re-based rectargjkerapidlyanddy- ~ anthraquinone witl6 and 8 are 124 and 178 M, respec-
namically quenched by various electron donors at diffusion- tively.
controlled rates, rather than by binding interacti¢@8]. To investigate the binding capabilities 811 [24], the
Quantitative assessments of the host behavid2 wward absorption and emission spectra of pyrene in the absence and
selected volatile organic compounds (VOCs) as guests werepresence o8—11were recorded. Interestingly, an increase in
obtained by quartz crystal microgravimetry measurements the absorbance of pyrene due to complex formation is ob-
and the binding affinities are givenirable 4 At a high con- served with increasing concentration®ef 1. Based on ab-
centration of guest molecules, the guest—host stoichiometrysorption spectral measurements, a linear Benesi—Hildebrand
exceeds unity with a hypothetical limiting ratio between 1:1 plot indicates 1:1 complex formation betwe&rl11l and
and 2:1. Electron withdrawing substituents diminish the affin- pyrene, and the binding constants were found to be in the
ity constant, whereas electron-donating substituents enhancgange 2.2x 10*t0 9.2x 10* M1, Efficient quenching of the
it. These results suggest a significant role for host—guest in-emission from the pyrene was also noted with increasing con-
teractions, including guest uptake. centrations oB-11. The Stern-Volmer plot is linear at low
Since the cavity of3 and 4a [21] possesses the flexi- concentrations giving quenching rate constants 052103
ble nature of porphyrin moiety, experiments were carried to 2.6x 10t*M~1s™1; but at higher concentrations, a devia-
out to examine the binding of guests to these rectangles. Ation from linearity is observed. This behaviour indicates that
strong Lewis base, DABCO (1,4-diazobicyclo[2.2.2]octane) quenching occurs after the binding of pyren@+d.1. A fur-
was observed to bind tela with a binding constant ther'H NMR study of9 with increasing concentrations of
pyrene revealed an upfield shift in the signals, correspond-

Table 4 ing to the pyridyl and phenyl hydrogens of the tpeb ligand,
Binding affinities of thin film of Mn-based rectangkand a representative ~ when 0.08 M pyrene was used. In contrast, the chemical shifts
“molecular square” towards selected VOCs of the alkoxy protons were unaffected upon the addition of
voC Mn-base® [M~Y]  [Re(CORCl(n-pz)ls [M 1] pyrene. These observations suggest that pyrene is recognised
Toluene 3200+ 1900 332+ 26 as a guest molecule by the tpeb ligand®et 1.

4-Fluorotoluene 140& 360 200+ 42

Benzene 740t 250 157+ 8

Fluorobenzene 428 80 87+ 8 2.2. Synthesis of Pt- and Pd-based molecular rectangles
Hexafluorobenzene 468 110 47+ 8

Data collected from ref20]. Stang and co-worker$33] reported the synthesis of

2 Value for Re-based rectangés 580+ 220 M 1. nanoscopic metallacyclic rectangl@2-15 from the reac-
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Fig. 1. The emission intensity of rectanglg8 x 10-° M) decreases with increasing quencher (1,2-chloranil) concentrations of (a) 0 Mx(by2* M, (c)
3x1074M, (d) 4x 1074 M, () 5x 10~*M, and (f) 6x 10~* M in CH,Cl,. Reprinted with permission from rgR3a]. © 2003 American Chemical Society.

tion of a predesigned Pt-based molecular clip, 1,8tz86 at the neutral acceptor ligands, and oxidation at the dianionic
Pt(PEt})2(NOs)anthracene, with rigid dipyridyl bridging  Pt-based anthracene clips.

ligands, in 92-97% yields via spontaneous self-assembly  Building upon a similar strategy, another example of a Pt-
(Scheme & The assembly of these macrocycles was moni- based rectangle has recently been described by Stang and
tored by'H NMR and®!P {H} NMR spectrometry. Spectro-  co-workers[35]. A functionalized ligand, 3,8-bis-pyridin-
electrochemical studies 4R and13[34] indicate reduction  4-ylethynyl-[1,10]-phenanthroline, undergoes self-assembly

1|=Et3 REta
Q cl Fl’l—CI Q Fl't—ON02
O _PUPEtyy PEts AgNO4 Q PEt;
—_——— =
tolueneo IIDEtz acetone TE[S
O o 105-110°C F;I_C, Q Pt—ONO,
PEt; PEt;
Ilclipll
PE{S PEt3 TEtS

I

Q F;t—ONO2 1) N-L-N, acetone-ds/D,0 Q P:t—N—L—N——FI?t
PEt PEt PEt
[ = 2) KPF e |-
EE—ON, Rt=N——L——N—"ht

PEts PEtg PEty
N——L——N = N/ \ \ /N N@%@%@N
14

13 15

Scheme 6.
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PEt,

Q /
PEt, N N= PEt
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Scheme 7.

with a Pt-based anthracene clip to form the functional molec-  Lippert and co-workers[37] were able to synthe-
ular rectanglel6 (Scheme Y. size hexanuclear pRd; species 19 by the reaction

Lippert and co-workerqd36] prepared Pt-based rect- of trans[axPt(Hampy}](NO3)2 (a=MeNH; Hampy =2-
angles17 and 18 by two different routes. By mixing the  aminopyridine) with an excess of [(en)Pd@i),2']
mononuclear bis(purine) complextrans[(NH3)2Pt(9- (en = ethylenediamine) in an aqueous solution. The (€h)Pd
MeA-N7)(9-MeGHN7)](NOs3)2-H,O with an excess of  moiety in 19 exclusively bridges the amido groups of four
trans-aPtCh (a=NHCHz or NH3), dinuclear complexes  ampy ligands in such a way that an open rectangular box is
were formed. In the dinuclear platinum complexes, the formed.

Pt—N(1) and Pt—N(7) vectors are approximately orthogonal, La

therefore making these complexes potential building blocks af“g)

for the formation of molecular rectangles. As a result,

the diplatinated A—G base pair, upon loss of HCI, could de/NH HN\PdQ
undergo a condensation reaction to form the closed rectangle

17. Alternatively, a trinuclear platinum complex was first GPd Pdo
prepared by the reaction ¢fans[(NH2CHz)2Pt(H0),]2* \NH HN/
with two equivalents oftrans[(NH3)2Pt(9-MeAN7)(9- a
MeGH-N7)](NO3)2-H2,O at pH 4-5. The triplatinated /Pt/

A-G base pair then reacts with one equivalenttrahs a
[(NH2CHz)2Pt(H0),]2* to afford 18. 'H NMR spectra 19, a = MeNH,, L = 2-aminopyridine

recorded in DMSQds and DMF-dy provide evidence for a An interesting example of a redox-active Pd-based rect-
head—head arrangement of the two N(7)-bound purine basesangle [43-CsH4Cp-3-py)pFebPdbCls (20) prepared from

while A-H2 and G—N(1)H resonances are splitin a 4:1 ratio, PACL(COD) [38] and the §5-CsHaCo-py)sFe moiety
indicative of the presence of two rotamers in these solvents.

" N HaN N ; H3_| ” " Ny N e >
N 2N A N N Z N
<3 A _\r ¢+ 3 o) & (G |2
<N:l/\r1N7Pt N 1| N <N ! N—P—N ! N>

Hiemmer 9 HH N
N H i o o H H &
Pt i Pt Pt A
71 i TS L
Qe NH
| & N S N
N N N——Pt——N7
e s S 2 C a0
<N | A7 o | N> <N N)\NH H N)\N N>
N7 SN SNH, Vg / 2 2 \
HsC CHs HsC CHs
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Scheme 8.

(Scheme Bwas reported by Lindner et 489]. The IR spec-  his(4-pyridyl)ethylene)€—=") and slightly blue-shifted rel-
tra show that the absorption for the= and G=C stretching  ative to the molecular clip starting materjaB]. The extinc-
vibrations is shifted to higher wave numbers relative to the tion coefficient per BPE unit increases upon the formation of
free ligands. This is consistent with the coordination of tran- 3 rectangle, while the absorbance of the anthracene moiety,
sition metals to nitrogen. The low solubility @Din solvents  centred at 270 nm, decreases. This can be attributed to the
precludes any studies of its electrochemical behavior. electronic reorganization of the conjugated, aromatic frame-
The nanoscale molecular rectan@2 using the molec-  work. Although, anthracenes have been widely applied as
ular clip 21 with palladium and linear linkers such as ‘4,4  |uminescent tags, no emission is detectedif®due to the
bipyridine has been constructed by Bosnich and co-workers contribution of a heavy atom effect.
[40] (Scheme 2 The *H NMR spectrum of22 is highly The UV-vis spectrum of6 in methanol shows several
symmetrical. Both the spacer-chelators and-8igyridine  absorption bands at 350, 280 and 230[8%]. These bands
groups of22 have identical chemical shifts, consistent with  are diagnostic of changes in the electronic structure of the

a Doy, point group on the NMR time scale. macromolecule.
2.2.1. Photophysics 2.2.2. Molecular recognition

The electronic spectrum ofl3 exhibits near UV- The addition of Ni(Il)(NG)2-6H>0 to a solution ofl6
transitions, which are red-shifted relative to BREafs 1,2- [35] in methanol induces a dramatic change in the UV-vis

DDQ, 1,4-dioxane
120 °C

4+

2[Pd(CH3CN).](PFs)2
GH4CN,25°C

21aor21b

CH4CN, 25 °C, 1h

Scheme 9.
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16 23, M = Ni#*
24, M = Cd*
25,M = Cr*

Scheme 10.

12345
(C) uM—=

7
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£*10* M7 cm™]

200

300 400 nm

Fig. 2. Titration 0f16in MeOH with Ni(NOz),-6H20. Reprinted with per-
mission from ref[35]. © 2004 American Chemical Society.

Table 5
Binding constantsfor 16 with Ni2*, Cd?*, and CF*

K
Ni2* 2.01+0.05x 107
Cot 3.39+0.5x 10*
crt 7.53+0.4x 10°

Data collected from ref35].

2 Binding constants are obtained at°Z5and 0.2 mM ionic strength in
methanol. For free 1,10-phenanthroline, the binding constants &re(yi
8 x 107); Cd* (K, 5x 10P); Cr3*, NA.

spectrum Fig. 2). The results from Job’s method and an
ESI/MS study support a 1:1 complexation 18 with Ni®*
Cd?* and CP* ions to generat@3, 24 and 25, respectively
(Scheme 1D

ions with 16 follow the same trend for affinity as those
observed for free 1,10-phenanthroline with the same ions.
However, complexL6 provides a supramolecular structure
that endows the phenanthroline moiety with a preorga-
nized architecture for metal binding as well as new optical
properties.

Preliminary studies of complekd by means ofH NMR
titration experimentg37] suggest that the oxalate guest
molecule interacts with the NHgroup of the MeNH lig-
ands in19in a concentration-dependent manner.

2.3. Synthesis of Ag- and Cu-based molecular rectangles

Similar to complex20, a ferrocene-based Ag-containing
rectangle26 was prepared by Lindner et al39] from
the reaction of ar{°-CsH4Co-py)2Fe moiety with AgCIQ
(Scheme 1)1 The intramolecular Ag—Ag distance R6 is
3.50A. No long-range through-bond electronic communica-
tion between the ferrocene moiety is establishe@énin-
dicating that the Ag cores fail to transmit the Cp-=€C—py
conjugation.

The ligand 4(2-pyridyl)-pyrimidine could be used as a ver-
satile motif in the design and assembly of metallocyclic com-
pounds, since its coordination sites are orient&f°® with
respect to each other. In a study conducted by Beauchamp
and Loelj41], the Ag-based rectangl¥ was assembled by
the reaction of 4(2-pyridyl)-pyrimidine with AgGS0;s in

Further, the generation of an isosbestic point at 300 nm MeNO,. The head-to-head plus tail-to-tail aggregation re-
indicates that complexation occurs without perturbing the quires that the Ag(l) ions adopt different coordination ge-

structure of16. The binding constants fot6 with metal
ions are listed inTable 5 The observed equilibrium con-
stants for complex formation with Rfi Cd?* and CP*

—_ 7N
==N
i CH,Cl,
2 Fe + 2 AgCIO
\ " Tehgen

ometries, i.e., distorted square planar and linear modes. The
rectangular tetrameric cations form alternating layers with
the CRSOz;~ anions in the solid state.

— 2+
=
- 1
N,Ag Fe 2clo,
R =
= <N
26

Scheme 11.
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By taking advantage of the flexible conformation around
the N-Si-Si—N skeleton in siloxane-containing pyridine,
Jung et al[42] were able to synthesize the molecular rect-
angles28-31 by the slow diffusion of AgX (X =NO3~,
ClO4~, PR, and CRSO;7) with this ligand Scheme 12

In 28-31, the ligand connects two Ag(l) ions to form a
24-membered cyclic dimer that may be stabilized via intrali-
gand face-to-facen(—w) interactions. The argentophilic in-
teractions i29-31 along with their related N-Ag—N angles

are very sensitive to the bite size of each of the anions com-dimethylbenzene Lt

pared td®28. Thus, the Ag—Ag distance (3. ZQ is the shortest
in 28and the longest (3.84) in 31. In particular31is trans-
formed into a parallelogram to sustain thew interactions.
Thus, a keen competition exists among the Ag—Agr and
electrostatic interactions 28-31.

Hanton and co-workelg3] employed an interesting lig-

1095

O
oo B

The pyridine arms of each ligand adogstyanconformation
and are bent with respect to the dibenzofuran spacer. Consid-
eration was also given to the role of the GiOcounter ions
in 32. Two opposite CIQ~ anions weakly bridge the two
Ag(l) ions in a bidentate manner possibly acting as clamps
that serve to squeeze the Ag(l) ions together with Ag—Ag
distance of 3.1A.

Su et al.[44] reported on the use of shape-specific
designed ligands (1,3-bis(benzimidazol-1-ylmethyl)-4,6-
1,3-bis(benzimidazol-1-ylmethyl)-
2,4,6- tnmethylbenzeneL2 and 1,4-bis(benzimidazol-1-
ylmethyl)-2,3,5,6-tetramethylbenzenk3) with different
metal salts to produce a series of discrete molecular
architectures of the Ad., type: [AgL %](BF4)2 (33
[AgaL 51(CF3S0s)2 (34) and [CRSOs —AgsL 5]ICFsSOs
(35). The rectangle33 possesses a two-fold rotational

and based on a dibenzofuran spacer with exodentate thio-symmetry in which two synconformational L* lig-

pyridine arms, 4,6-bis(4pyridylsulfide)dibenzofuran in the
formation of concave Ag » rectangle32.

2+

AN—-Ag—NV

/ﬁ o
NAN~Ag—Nv

X = CF,S05”
>\
3
28, X =NO;z~ 30 31
29, X = ClO,

Scheme 12.

ands are connected by two linearly coordinated* Ag
ions.

—|+

2+

% 2CF3S05~

N/\N——Ag N/\N

N-—Ag—N

\@ CFaSO5 @ CF3S05™
f N—Ag—N \
34

Lippert and co-workers [45] prepared the artifi-
cial nucleobases rectangletrans[{(NHz)2Pt(9-MeA)
(9-MeHx)Ag(NG3)(H20)}2Ag](NO3)s-6H,0  (36) by
the reaction of trans[(NH3z)2Pt(9-MeA)(9-MeHxH)]
(NO3)2-H20 (9-MeA =9-methyladenine, and 9-MeHx =9-
methylhypoxanthinate) in 8D with three equivalents of
AgNOs. After the addition of a silver salt, theDpdropped
to 2.6 and colorless crystals precipitated from the solution in
20% vyield.

An example of the use of benzofuran ligands in the
preparation of Cu-based rectangl@g and 38 was pro-
vided by Hanton and co-workef43]. From the reaction of
4,6-bis(4-pyridylsulfide)dibenzofuran with Cugl macro-
cycle 37, bisected by a bridging chloride ion, is formed.
Metallomacrocycle38 is obtained by the reaction of 4,6-
bis(methylsulfanylmethyl)dibenzofuran with Cul ina 1:2 ra-
tio. In this case, the Gli, moieties are incorporated into the
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edge of the macrocycld8. The bridging Cu(ll) ions ir87 strated that the reaction of enediyne-type nitrogen ligands,
adopted distorted square-pyramidal geometries and are coord,2-bis(2-pyridylethynyl)benzene, having bulky substituents
dinated in the basal plane. The molecular rectaBglpos- with copper(l) ions leads to the self-organization of molec-
sesses a center of symmetry comprised of two bichelatingular rectangular boxe40-42 in high yields Scheme 1B
ligands, two Cul> bridging moieties and a clearly defined X-ray analysis shows that each copper(l) iomih(Fig. 3
cavity with two associated MeCN solvent molecules.

o) ¢! T g 0 0
O ~N—Ci—N O . | g
Cl NG ~~ Ny
7\ 7\

37 38

The assembly of metallo-cyclophang9 was con-
ducted by Martin and co-workelfg6] by the addition of has a distorted tetrahedral {8) coordination, whereas the
[Cu(MeCN)]CIO4 to the Schiff-base ligand bis(pyridine- oxygen atoms are weakly coordinated to copper(l) ions. The
4,4-diaminodiphenyl)methane and its derivatives. The two ligands of40 and41 are stacked above each other in a
molecular structure 089 shows that the Schiff-base ligand
adopts an unstrained conformation, reminiscent of that found
in the uncoordinated “free” ligand. CompouB8is arranged
into a three-dimensional network in the solid-state by a com-
bination of face-to-facer- - - and edge-to-face C-H-w
(3.5-3.94) interactions.

39

Enediyne compounds are known to possess attractive

prOpertlesf Sl.JCh as DNA-damaging activi7] or cy- Fig. 3. Crystal structure af0. Reprinted with permission from rg#9]. @
cloaromatizatiorj48]. Ueda and co-workei@9,50]demon- 2002 American Chemical Society.

Cu(CH4CN)4PFg

» Cus(L)2(PFg)2
CH,Cly

40, R = (-) or (+)-menthyl
41, R = L-menthyl
42, R = D-menthyl

R = (-) or (+)-menthyl
= L-menthyl
= D-menthyl

Scheme 13.
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coplanar arrangement, with an interplane distance of about
3.5A consistent withm—r interactions.

2.3.1. Photophysics

The solid state UV—-vis spectrum &7 shows a broad
asymmetric band at 693 nfd3] which was observed pre-
viously for five-coordinate CuGlcomplexes of polypyridyl
ligands[51].

The electronic absorption spectrum4ff shows one ab-
sorption peak at 358 nm, which is assigned to an MLCT band
[49]. The spectrophotometric titration of the optically active
(menthyloxy)methyl substituted box with Cu(GEIN)4PFs
in dichloromethane shows clear isosbestic points, indicat-
ing the formation of a single species. The circular dichroism
SP?Ctra were mir.ror image; of eaCh- other. Additionally, a Sig_ Fig. 4. Ball and stick representation of the {F; ~—Ag,L 3]* cation in35
nificant change in the optical ItOtatIOI’IS of the complexes in including the disordered GBSOz~ guest. Reprinted witthermission from
chloroform (()-menthyl substituted boxx|p —446.9' (c ref. [44]. © 2003 American Chemical Society.

1.62); (+)-menthyl substituted boxq]p +418.4 (c 1.47))
implies that the reaction of the present ligands with the cop-
per(l) ions proceed enantioselectively to afford enantiomeri- ner et al.[39] generated the Ni-based redox-active rect-

cally pure complexes in solution. angle [(°-CsHsCo-4-py)FebNi>(NO3)4 (43) by the reac-
tion of (n3-CsH4Co-py)2Fe moiety with [Ni(HO)s](NO3)»
2.3.2. Molecular recognition (Scheme 1% The nickel complexi3 represents an unsym-

In proceeding fron83 to 35, the molecules exhibit anin-  metric paddlewheel in which the centres of the four Cp rings
creasingly regular shape, especially with respect to the innerdefine a nearly ideal rectangle. A weak antiferromagnetic
rectangular cavity44]. This cavity, however, is arguably not interaction between the nickel atoms 48 was observed.

a rectangular box because not all the sides are truly face-Electrochemical studies reveal that an electron transfer from

to-face parallel. The C§CN solvent molecules and BF ferrocene to the nickel atoms occurs with no electronic com-
anions are located around the metallacycle with almost neg-munication between these ferrocene units.
ligible Ag- - -F (3.401A) and Ag - -N (3.021A) interactions. In an attempt to design macropolycyclic molecules that

In 34, two CRSO3~ anions are attached to the macrocycle function as receptors, Wozniak and co-workgsg] pre-
by weak Ag - -O interactions and can be regarded as guest pared a series of neutral bismacrocyclic Ni(ll) compounds
molecules. 185, on the other hand, one @60;~ anion is in which the macrocyclic units are linked by carbon bridges
unambiguously located inside the rectangular metallacycle (Scheme 1p Large cavities are present 44, formed from
to give a [CRSO; ™ -AgzL; 3]* cation, although it is crystal-  macrocyclic fragments and two aliphatic chains. In particular,

lographically dlsordered:(g 4). 44aand44bform a unique 3D solid-state packing contain-
ing parallel channels thereby resembling the structure of an

2.4. Synthesis of Ni-, Zn- and Co-based molecular “organic zeolite”.

rectangles Hunter et al[53] combined a rigid bifunctional ligand of

an appropriate size and zinc porphyrin “dimers” to synthesize
Using the same strategy as shown in the preparationcomplexegl5and46, based on porphyrin coordination chem-
of ferrocene-based Pd- and Ag-rectangl2§, £6), Lind- istry. The complexe45and46 remain fully assembled down

@]
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Scheme 14.
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to concentrations below 1@ M. These complexes are stable rings facing each other, not coplanar. The spectrophotomet-
compared to a simple zinc porphyrin showing that coopera- ric titration of zwitterionic 4-pyridinyl boronic acid shows
tive self-assembly is occurring. Spectroscopic results indicatetwo acid—base processes, with isosbestic points at 210 and
that the structures of these complexes are also closed; all 0260 nm, in the pH range 11.0-6.0, and at 256 nm, in the pH
the coordination sites are occupied and there are no free endange 5.0-2.0, respectively. The relatite,walues are 3.83

groups.

45 46

Dreos et al.[54] reported that boronic acids con-

taining pyridinyl substituents such as 3-PyB(QHAnd and 8.2. The lower value corresponds to ionization of the
4-PyB(OH), act as templates in the assembly of met- B(OH). group, whereas the higheKp value is assigned to

allacycles [MeCo(DH)(DB(OMe)(3-Pyp] (47) and depr_otonatiqn ofthe pyrid_in_ylgroup_. UV-vis spectral stud_ies
[MeCo(DH)(DB(OMe)(4-Py)} (48), respectively. The confirm the ligation of pyridine at this pH value; the stepwise
macrocycles47 and 48 are obtainéd by the reaction of addition of 4-pyridinyl boronic acid to an aqueous solution of
an acidic residue with the O-H---O bridges of the CHzCo(DH)H,0O at pH 10 causes spectral variations very

methylaguacobaloxime units [GBo(DH)H,0] [55] and similar to those obsgrved for the coordination of pyridine to
coordination of the pyridinyl group to the metal. The X-ray CH3Co(DH)H20 (Fig. 5).

structure of47 shows that two methylcobaloxime units are

assembled by two B(OC#3-Py) residuals and can be 2.4.2. Molecular recognition

considered to be a distorted “molecular rectangle”. Complex ~ The binding properties o#4a and44b toward selected

48 can be considered to be a rectangular box since theelectron acceptors such as quinone and TCNQ in solution
pyridinyl groups are also approximately perpendicular to the have been studied by voltammetric techniq{f&2]. Upon
equatorial moiety. In fact, i#8, the pyridinyl ligand isinan ~ mixing, the anodic peak corresponding to oxidation of the
axial position, whereas i47 it is in an equatorial position.  Ni(ll) centers ir44aand44bis shifted toward positive poten-
The NMR spectrum shows no evidence of dissociation or tials. Simultaneously, the potential for the quinone reduction

the formation of polymeric species. is significantly less negative. This indicates that the inter-
actions betweed4a and44b and electron acceptors facil-
R itate electron transfer with the electrode in solution. Based
0 N, | n—o Me
2 oy 0 / 2.00 2.00

B

0
O:NH’ | N0 Ny | ’| ﬁ A ) A 1
. ,

=NZ| N—O\ 7
|
N

% X B 7 N
AN “ N N\ 1.00 1.00-
I 0—N__| N=q O N\COIN=O
& B{O N/C|0\N"O Me o—NZ gN=0
| \
OMe l\}le Me
47 48
0.00 0.00 ]
400 500 400 500
2.4.1. Photophysics (@ A (nm) (b) A (nm)

The UV-vis spectrum oh7at PH 7 shows that pyrldlne Fig. 5. Comparison of C§Co(DH),H,0 spectral variation induced by co-

is Coordinateq to the metal_' q64]_- This squeStS that .th_e ordination of 4-PyB(OHj) (a) and Py (b) at pH 10. Reprinted with permission
complex obtained at pH 7 is a dimer but with the pyridine from ref.[54]. © 2001 American Chemical Society.
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on available electrochemical data, the binding enhancement

factor was found to be 6.9 103 and 6.5x 102 for 44aand
44b, respectively. This indicates that upon reduction of the
quinone, its binding strength #ais increased by ca. 164
times. Only a 15-fold increase was noted for macrocgdle
with a smaller cavity. In the case of a different electron ac-

ceptor, TCNQ, this increase was negligible, 1.8 and 1.5 times

for 44a and44b, respectively. In addition, the C~Hm or
non-polar character of the inside of the cavity influences the
affinity of the macrocycle toward the guest in solution.

3. Molecular rectangles containing sulphur-, oxygen-
and other atoms-bridged ligands

3.1. Synthesis of Re-based molecular rectangles

Hupp and co-workers[56] described the synthesis
of sulphur-bridged rectangle49-52 by the reaction of
Re(CO}OTf (OTf =trifluoromethane sulphonate) with vari-
ous alkyl and aromatic thiols atroom temperature followed by
refluxing with pyrazine or 4/4bpy. The synthesis af9-52
is detailed inScheme 16

443, H1=H2=CH3,FI=TT1=3
44b, R1=R2=CH3,H=2, m=3

15.

4 Re(CO)s(CF350;) + 6(4,4-bpy) + 4ROH ———»

[Rex(CO)(RO)2(4.4bpY)l;  + 4 [(4,4bpyH") (CF:SOy)]

Scheme 17.

Sullivan and co-worker&7] reported on a class of molec-
ular rectangles [R€CO)s(RO)%(4,4-bpy)]> (53, R=0H,
OCHz, OCH;CHz, OCH,CH,0OH) based orfac-Re(CO}
corners containing 4,4bipyridine bridges as one side and
two alkoxy or hydroxy bridges as the other. These com-
pounds were prepared by the reaction of the precursor
Re(CO}(CR3S0;s) with 4,4-bpy in presence of alcohols or
water to afford quantitative yields of yellow microcrystals
(Scheme 1)

The self-assembly of rectangl&g-57 from Re(CO)o
as the starting material was carried out in high-
yield using a solvothermal method58,59] When
Re(CO)1o was treated with the bipyridyl ligands (pyrazine
(pz2), trans-1,2-bis(4-pyridyl)ethylene (bpe), 1,4-bis-[2-(4-
pyridyl)ethenyllbenzene (bpeb) and 4ipyridine (bpy))
in the presence of higher aliphatic alcohols, alkoxy bridged
molecular rectangled({CO)iRe@-OR),Re(CO}}2(u-L)2]

oc, €O oG, €O oc, £o
\§ \§ S
. co o oc—lng—co oc;—/Re N—L—N—IRQ co
) o CH,CI % N—-L—N % s
HS = RS, SR ————> RS SR RS, SR
oc” | "~co A3 CHOl, 3 \§
OTf OC—/R?’ CO reflux OC-R@_’ N—L—N—/F{%’ CO
o¢ *To o¢ to o¢ *To

49, N-L-N = 4,4'-bipyridine, SR = Propanethiol
50, N-L-N = pyrazine, SR = Propanethiol

51, N-L-N = 4,4"-bipyridine, SR = benzenethiol
52, N-L-N = 4,4"-bipyridine, SR = benzeneselenol

Scheme 16.
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Res(CO);p + N-L-N R RQ
e ROH O\ $ 9 S
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s 4z
54, N-L-N = pz, R = -C4Hg, -CgH17
55, N-L-N = bpe, R = -C4Hg, -CgH17
56, N-L-N = bpeb, R = -C4Hg, -CgH17
57, N-L-N = bpy, R = -C4Hg, -CgH17,
-Ciz2Hzs
Scheme 18.

(54-57) are obtained%cheme 18 The more hydrophobic  observed emission f&4-56 may originate from the MLCT
nature of the rectangles containing an octyl group comparedband, primarily involving bridging ligands. Thus, the excited
to those carrying a butyl group enhances their solubility in state lifetimes 064-56 are in the range of 10—15 ns at room

less polar solvents.

3.1.1. Photophysics
The UV-vis spectra ofi9-52 [56] show a ligand cen-
tred transition in the regions 328—-386 nm. B§y51 and52,

temperature. Cyclic voltammetric data f84-56 show that

two reductions appear at0.73 to—1.28 V, corresponding to
the successive reduction of the bridging ligands and one re-
duction at—1.35t0—1.50 V versus SCE to the Re metal. The
oxidation peaks observed at 1.00—1.65 V may be attributed to

the MLCT transition is observed in the low energy region at the oxidation of the Re metal center. Since the alkoxy bridge
400 nm as a shoulder and 60 it appeared at 482nm. The remains a good electron donord#-56 no redox potential is
rectanglest9-52 display a reversible wave at 0.48V and an detected in the range2.00 to 2.00 V.

irreversible redox wave at 0.80 V, which are assignedtometal  The absorption spectrum of{([CO)kRe(-O(CHz)11

or metal/sulphur oxidation and Bk oxidation, respectively. ~ CHs)2Re(CO}}2(n-bpy)] (579 in CH3CN [59] shows an
These complexes also exhibit reversible reduction h23 intense band at 241 nm with a shoulder at 266 nm and a broad

and —1.64V versus ferrocene for pyrazine ard.60 and band at 385 nm. The bands at 291 and 266 nm are assigned

—1.81V for bipyridine ligands. to the ligand-centred (LC) and that at 385 nm to the MLCT
The UV-vis spectra of oxo-bridged rhenium rectan- transition, respectively. In 10%2©-90% CHCN, the LC

gles [Re(CO)(RO%(4,4-bpy)> (53) (R=OH, OCH, transition at 241 nm has a reduced intensity, while the shoul-

OCH,CHs, OCH,CH,OH)[57] are characterized by asharp, der at 266 nm becomes more pronounced. When the water

intensew—=" transition at ca. 240nm and a broad band content is increased from 20 to 90%, the bands at 241 and

around 380 nm, assigned to the(@e)-" (bpy) MLCT tran- 266 nm are shifted to 248 and 272 nm, respectively, with a

sition. The ligandr—r" transition is insensitive to structural ~ concomitant increase in intensity, whereas the MLCT band

changes, whereas the MLCT band is red-shifted for the rect-at 385 nm s red-shifted by 5 nm on the addition of water. The

angles. Irb3, luminescence is observed only in the solid state absorption spectra hints at a scattered light pattern as a func-

and not in solution. The non-emissive characteristics in solu- tion to the fourth of the frequency that tails down to 600 nm,

tion can be attributed to an enhanced nonradiative decay viaand these results strongly suggest nanoparticle suspensions

the torsional motion of 4/4bpy and/or its originina LLCT  [60].

excited-state of the alkoxide donor and bpy acceptor orbitals.  The Re(l) complexeS7are faintly emissive. The addition

A cyclic voltammetry study of [RECO)s(OCHs)»(4,4- ofwater leads to an enormous enhancementin emission inten-

bpy)l> showed two irreversible one-electron4bpy reduc-  Sity (Fig. 6) for 57¢ while the effectis moderate wit§(CO)s

tions at—1.09 and—1.28 V versus SCE and one irreversible Re(-O(CH;)3CHsz)2Re(CO}3}o(p-bpyy] (579  and

Re-based oxidation at +1.34 V. [{(CO): Re(-O(CHy)7CHs)2Re(CO} }2(-bpy)] (57b).
Spectral absorption studies ©-56 [58] reveal the exis-  Although, the shift in MLCT absorption band is small,

tence ofr—w" and MLCT transitions in the higher and lower the corresponding emission maximum is substantially

energy regions, respectively. A red shift of 61 nm (from 398 blue-shifted with a higher quantum yieldgble §. These

to 459 nm) was observed in the MLCT transition5-56 results indicate the presence of alkyl chain aggregates

on changing the ligand from bpe to pz. Excitatior5éf-56 which expel solvent molecules, and the aggregation leads

at their MLCT results in emission at 440—-490 nm in 4THN to less vibrational motion. Tang and co-workééd] also

and CHCl,. However, both the free ligands and the rectan- observed similar spectral changes in the aggregation of

gles54-56 exhibit an emission around the same region, the siloles.
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Fig. 6. Emission enhancement 6¥c in CH3CN upon increasing water
content: (1) 0%, (2) 10%, (3) 20%, (4) 30%, (5) 40%, (6) 50%, (7) 60%,
(8) 70%, (9) 80%, and (10) 90%¢x =390 nm). Reprinted with permission
from ref.[59]. @ 2002 American Chemical Society.

A light scattering study ob7cindicated an average aggre-
gate mass of the Re(l) rectan@écin 50% aqueous C(CN
(v/v) of 1.43x 10° with an average diameter of 262 nm. The
addition of water favours the aggregation%fc resulting

1101

process. The binding constants of quinones Véttt can

be evaluated using the Benesi—Hildebrand equation for 1:1
host—guestinteractions. Analysis of the datéfoe, for anin-
teraction with methyp-benzoquinone, gives a binding con-
stant of 4.1x 10° M—1. IH NMR studies o67cwith increas-

ing concentrations of methyl-benzoquinone in a 50% (v/v)
THF-dg/D>0 mixture lead to downfield shifts of the3tand

H2 protons of the pyridyl group d7cwhen a 0.075 M con-
centration of methyp-benzoquinone was used. The chem-
ical shifts of the alkoxy protons remain largely unchanged
upon the addition of quinone. This study further supports
the conclusion that quinone interacts closely with the pyridyl
group of57c

3.2. Synthesis of other metal-based molecular rectangles

Mirkin and co-workerg63] demonstrated that the “weak-
link” approach to macrocycle synthesis is broadly applica-
ble to the preparation of structures with tailorable proper-
ties. They reported a one-pot and high-yield approach to the
synthesis of the binuclear macrocy@8 from structurally
flexible hemilabile phosphino aryl-ether ligands as shown in

in an enormous enhancement in luminescence. Thus am-Scheme 19Derivatives of these macrocycles were also as-

phiphilic molecules carrying long alkyl chains can undergo

aggregation and this affects the luminescence of the molecule,

thus extending the scope of its applicatif¢d$,62]

3.1.2. Molecular recognition

Considering the van der Waals radii of sulphur- or oxygen-
bridged rectangle49-57 [56-59] the interplanar spacing is
too smallto allow the resulting cavity to function as a receptor
site, even for planar molecules.

To achieve molecular recognition of the luminescent
rectangle57, the reaction of57c with various quinones
was studied by the luminescence quenching techriis@ie

sembled.
The “weak-link” synthetic strategy was utilized in the
construction of metallomacrocycles using several Pd(ll) and
Rh(I) complexes with a variety of hemilabile ligan@s,64]
Some of the macrocyclésQa-c are shown inScheme 20
However, Rh(l) exhibits some notably different characteris-
tics, in that it can accommodatg-arene interactions which
leads to intermediates that are observed in the case of Pd(ll).
Another example of the preparation of the condensed
macrocycle60 containing phosphinothioether ligands via
the “weak-link” approach has also been repoif@s]. The
thioether-based macrocycle can open via a halide-induced

The quenching reaction is efficient and the rate constantring opening reaction whereby a halide source is used to break

for quenching,kq, values are in the range 2:010% to
3.8x 1011M~1s71. The deviation from linearity in the
Stern-Volmer plot implies that quenching occurs via a static

Table 6
Wavelength of emission maximurhy,), emission quantum yieldx), and
lifetime (z) of 57cin various CHHCN-H,O (v/v) mixtures

Serial Solvent, Composition, A&M @ (x10°%)2 t (ns)
number  CH3CN (%) H20 (%) (nm)

1 100 - 666 0.39 11
2 90 10 634 0.46 13
3 80 20 612 1.64 120
4 70 30 611 1.73 124
5 60 40 613 2.06 135
6 50 50 613 2.37 137
7 40 60 612 2.58 140
8 30 70 611 3.10 167
9 20 80 604 4.74 176
10 10 90 602 6.54 212

Data collected from ref59].
2 Emission quantum yield measured at 298 K with reference to ng*bpy)
®em, 0.042;1ex, 409 M.

the RH—S bonds $cheme 2)L In 60, each Rhmetal centre
is in a square-planatis-phosphinegis-thioether geometry,
and the parallel-planar arene rings are ﬁ&mart.

Yamamoto and co-worker$66] were able to syn-
thesize supramolecular complexes bearing arene and cy-
clopentadienyl groups and derivatives thereof. The reac-
tions of [CpMCh], (M=Rh, Ir) with a bidentate lig-
and (L = pyrazine; [=diisocyanide) give [CpMGL]» and
[CpMCI,L']2, which can be converted into tetranuclear com-
plexes [CpM2Clo(L)(L")]2(0Tf)4 (61, M=1Ir; 62, M=Rh,)
containing different ligands on treatment with Ag(OTf)
(Scheme 2p

The self-assembly of platinum-containing rectangles
63-67 has been reported from the laboratory of Stang
and co-workers[67]. The authors employed a rigid,
dicarboxylate-based oxygen donor with 1,8-tveis
Pt(PEg)2(NOg))anthracene to form molecular rectangles
63-67 as shown irbcheme 23

IH NMR analyses 063-67 revealed, the dicarboxylates
are incorporated into the product. Further, X-ray structure
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Scheme 19.
’—-I 44
PPh. / \ /N
op pr N XX T PR xx\ PPh,
2
. CH,Cl,/acetone bd bd 4BF,
/ N\ /" \
[PA(NCCHg)4][BF ]2 Ph,R, x—_ Y X PPh,
59a, X=0, Y =1,4-C4(CHz)s
59b, X=0,Y =1,4-CgH,
59!:, X = S, Y = 1,4‘CGH4
Scheme 20.

analyses o063 and 64 inferred the existence of disordered smaller in length in comparison to the other ionic Pt-based
solvent molecules in each case. The structure&3p65-67 rectangles synthesized with larger N-donor linkers.

are slightly bowed in the middle, due to the steric repulsionof ~ Andruh and co-workerg68] were able to synthesize
the triethylphosphines. No channels are observegbidue Cu-based rectangle§8-71 by employing bis(4-pyridyl)

to offset packing. These neutral self-assembli8s67 are exo-bidentate ligands such as ‘dbipyridine, 1,2-bis(4-

w—_R_}—w
2+
PPhy PPhy
PhaP, /W—E—W\ _PPhy [MeN]X/CH,Cly oGy, | | 60
Rh RH _ SR X—RH,
/N / N\ CO,X=Cl, | | | L
PR W—] R W  PPh, PPh, PPhs
w— R J—w

= p-C4(CHs),4 60a, W=S, X=Cl, L=none, R=pCgH,
60b W=S, X=IL=CO,R=pCgH,
60c, W=0, X=Cl,L=none, R=p-CgCHs),
60d, W =0, X=Cl, L=none, R=p-CgH,

Scheme 21.
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pyridyl)ethylene, and 1,2-bis(4-pyridyl)ethane (bpeta), and distances associated with theinteractions of the pyridyl

an unsymmetrical linker IN (IN~ =isonicotinato ion)

with binuclear precursor [l-OH)Cw)](ClO4), (L=2,6-
complex

(Scheme 211 The X-ray structures 068 and 69 showed
close face-to-facer—m stacking of the 4-pyridyl rings. The

bis[N-2-pyridylethyl]formimidoyl)-phenolato)

PEt,

for 69. The process appears to
of copper(ll) in70for the square

rings. The copper(ll) ions Y1l

o

moieties are in the range 3.51-3&&r 68, and 3.54-3.64

be favored by the preference
pyramidal stereochemistry,

and not bym—m stacking interactions between the pyridyl

have a square pyramidal

O PL-ONO, 0>_x_<ONa O Pt-0 O—Pt O
|!-’Eta NaO o) FI'Et3 |'DEt3
Q I'i'Et:j acetone/water, r.t - Q FI?Et3 'i’Ets
O Ft=0NO; Q Pt—Q O—Ft Q
PEty PEts X PEt,
o} @]
- O I
63 64
A
65 66
67

Scheme 23.
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Scheme 24.

stereochemistry but different coordination environments.
The basal plane is the same for both copper(ll) iongln

two nitrogen atoms from the Schiff-base, and the two oxygen
atoms arising from the pre-existing bridges in the binuclear

moieties.

A number of thiosemicarbazones, thiocarbazones and
their metal complexes were reported to be active in cell de-

struction as well as the inhibition of DNA systems. Cheng
et al. [69] reported the incorporation of such types of lig-
ands for binding to an octahedrally coordinated transition
metal via self-assembly. The interaction of Cpt@H,0 with
bis[phenyl(2-pyridyl)methanone]thiocarbazone in DMF af-
fords a tetranuclear metal compl&2. Magnetic suscep-
tibility studies indicated a strong antiferromagnetic cou-
pling among the Cu(ll) ions. From the X-ray crystallo-
graphic studies, the comple& is described as a centric
symmetric dimer of dicopper(lll) moieties. The geometry
of the Cu atom is square pyramidal with respect to the

\ AN
Ny /
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Ph Ph
YO TS
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72
Maverick et al.[70] reported on some binuclear com-

plexes derived from polydentate ligands. A dichloromethane
solution of mXBAH,, and NBAH, (XBAH,=3,3-[1,3-
phenylenebis(methylene)]bis(2,4-pentanedione); NBAH
3,3-[2,7-naphthalenediylbis(methylene)]bis(2,4-pentanedi-
one)) on treatment with an aqueous solution of Cugh/
resulted in the growth of crystals of gun-XBA)2 (73

pyridine nitrogen atom, thiocarbazone nitrogen atom, the and Cy(NBA)2 (74), respectively. The well-defined size
sulphur atom and the chlorine atom, comprising a basal and shape of the inner cavity if3 and 74 is controlled

by the side organic linkage to adapt various types of guest
molecules.

plane.

73



P. Thanasekaran et al. / Coordination Chemistry Reviews 249 (2005) 1085-1110

The synthesis of the big{ketoenamine) ligand, or 5-
tert-butyl-m-xylylenebis(acetylacetoneimine) (35 - (1, 1-
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cenyl secondary amines with carbon disulfide, potassium hy-
droxide and transition metal (Zn, Cu, Ni) acetates in high

dimethylethyl)-1,3 - phenylenebis - (methylene)]- bis(4-ami- yields (Schemes 25 and 26The electrochemical proper-
no-3-penten-2-one)), and the properties of three of its ties of 78-83 exhibit a single reversible oxidation wave

cofacial binuclear metal complex@s-77 (Cu, Ni and Pd)
were reported by Maverick and co-worké¢rd]. Complexes

at E;,=0.25V versus Ag/AgCl suggesting that all fer-
rocene moieties are oxidized in a single step and are electro-

75-77 dissolve in halogenated solvents with solubilities chemically independent of one another. The bis-copper(ll)
in the order Cu>Pd>Ni. The possibility of isomerism in analogue79 displays a broad oxidation redox wave at

75-77 was also described. The binuclear complexgsr7

E1/2=0.26 V versus Ag/AgCl resulting Cu(Il)/Cu(lll) dithio-

exhibit several improvements in redox behaviour compared carbamate redox couple which overlaps with the respective

with simple mononuclegs-ketoenamine complexes.

2 H
N\M
7~
~N
/M

o)
0.

75, M= Cu
76, M= Ni
77, M= Pd

>
S

QY
{77

N

H
_N
~o
_o
SN

H

ferrocene oxidation couple. Two oxidation couples are ob-
served for80in which a reversible wave &1,,=0.26V for
the ferrocene redox couple and an irreversible oxidation at
Epa=0.31V versus Ag/AgCl for the Ni(Il)/Ni(IV) dithiocar-
bamate oxidation process. The macrocytds reversibly
oxidized in a single step &2 =0.35V versus Ag/AgCl and
81displays two oxidation waves but only one return reduction
wave is observed.

Arare example of cyclic 2:2 coordination complexes of ni-
troxide radical with Cu(ll), Mn(11), Ni(ll) and Co(ll) 84-87),
as shown inScheme 27was reported by Field and Lahti
[73]. These complexes are isostructural and crystallographi-

The incorporation of redox-active components, such cally isomorphous. All these complexes show strong antifer-
as ferrocene, into a macrocyclic ligand framework intro- romagnetic metal-ligand exchange properties.

duces the possibility of the host being capable of elec-

Kahn and co-workerfg4] prepared the Mn-based rectan-

trochemically recognising species. Using the strategy of gle ((bis{[(p-nitronyl nitroxidephenyl)diphenylphosphine-

a metal-directed synthesis, Beer and co-worKeégj pre-
pared the macrocycleg8-83 by the reaction of ferro-

oxide]bis(hexafluoroacetylacetonato)-manganesé-(88)
by the addition of the free radical phosphine oxide to

Fe H + (@ . é \/N Naw \Fe
é? NH, NH, % b
NaBH,, MeOH
oMo
Fe Fe
M M 1) 2 KOH, 2 CS,, EtOH % @
N N,
Shps Spd 2)2MOCCH),  f ~ANH  HN T

S

I

N

é
78,M = Zn

79, M = Cu
80, M = Ni

Scheme 25.
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o T 2 e HE .l .
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N.
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N
j\N/O. \\ aww Mt _\
84, M = Cu(hfac),
M(hfac)z+ x(Hz0) 85, M = Mn(hfac),
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CHCly/hexane 87, M = Co(hfac),
N.
N Nog
fll—"'/ ‘\—NllumlunllM“\m 7<
Scheme 27.

Mn(hfac)y (Scheme 2B The formation of38 is facilitated a selective bridging ligand with Ti(OBj in pyridine.
by the topology of phosphine oxide. The magnetic88f

oy IR RPUIRY) X e g ) opr olalt
indicating little interaction between pairs, is also instructive bl +_/Oﬁ./\,/o\ﬂ opy
. . rO—TIFi———o0u —Ti—
as amodel for extended systems or compounds with multiple 5 N-z=N B
paramagnetic ligands. %Pr' %Pr'
~ Metal alkoxides [M(ORy] were found to have great util- PO, S pio S
ity as precursors in solution (i.e., sol-gel) or gaseous (i.e.,
metallo-organic vapor deposition) routes to thin films of ce- PrO—Ti——N"~N—~_Ti—op/
; 93 p posi ) | o II\ AT —Ti _OPH
ramic materials. The generation of the metal alkoxide rectan- opr © 0" Opy

gle {[(OPF)2(n-OP1)Ti] 2(u-DHP)}, (89) was examined by
Boyle et al[75] using 4,6-dihydroxypyrimidine (DHP}) as 89
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Duhme([76] prepared an interesting example of the Mo-
based rectangl®0. The reaction of dinucleating ligand
N,N’-bis(2,3-dihydroxybenzoyl},a-diaminopropane (bt
1) with molybdate results in the formation of the rectangle
A, A-[{M0O2(H4)}2]*~ as confirmed by NMR and X-ray
analysis. From the following facts, this ligand can be sum-
marized as follows: (i) the molybdenum building block re-

quires a ligand with planar bidentate subunits. On reaction

with molybdenum, two oxo ligands remain coordinate to the
molybdenum atom with two adjacent coordination sites of

the octahedral metal centre. The four vacant coordination

sites allow the binding of two catecholamides, leading to the
formation of molecular rectangle, (ii) the propyl spacer is
sufficiently short to prevent monomer formation, and (iii) the
spacer is still sufficiently flexible to allow bending of the lig-
and.

20
The organoruthenium compleXl, containing bidentate
oxygen ligands and 4;bipyridine, was reported by Fink and
co-workerd77]. The reaction of the precursor complex [Ru
(-1*-C204)(MeOH ) (m8-p-PrCgHaMe),] 2+ with 4,4-bip-
yridine gives the macrocyclic cation [Riu-n*-CoO4)2(j-
ntmI-bipy)p(n®-p-Prf CsHaMe)s]2* (Scheme 29 A single-
crystal X-ray analysis dd1revealed a macrocycle with alter-
nating oxalate and 4bpy bridges between the ruthenium
atoms. As this complex possesses crystallograpbisyt-

another but are not coplanar. The quality of the crystal and
the problems associated with disorder of the anion led to con-
siderable errors in the bond lengths and angles.

3.2.1. Photophysics

The electronic spectrum o067 exhibits a near-UV
transition, which is red-shifted relative to NaOOC-
CsHaN=NCgH4—COONa linker and very slightly blue-
shifted relative to 1,8-bisansPt(PEt})2(NOs)anthracene
[67]. The absorbance per NaOOGHZN=NCsH,—COONa
linker unit increases significantly upon rectangle formation;
likewise, the anthracene-based absorbance, centered around
280 nm, also increases significantly.

The electronic spectrum Gf3[70] shows two d—d transi-
tion bands at 518 and 646 nm. The copper atoms in this com-
plex behave electronically much like an isolated Cu(acac)
unit.

3.2.2. Molecular recognition

The electronic reactivity of solutions @8in chloroform
was studied with and without added pyridifigd]. Com-
plex 73 exhibits two d—d transition bands that appear at
518 and 646 nm. The new d—d transition band at 635nm
is formed in73 on the addition of pyridine with the colour
changing from olive green to bright yellow-green. As the
space between the copper atoms is too small to accom-
modate pyridine, the evidence is consistent with the for-
mation of new species @& (py).. 'H NMR spectroscopy
studies revealed the association o§CH molecules with
73 in CHCI3/CDClI3 mixtures showing significant broaden-
ing of the CHC} resonance, consistent with specific outer-
sphere interactions with CHEIThe electronic absorption
spectrum of74 shows a d—d transition in the 450—-800 hm
region. An olive green solution off4 turns turquoise
on the addition of nitrogen bases. The binding constants

metry, the two-oxalato planes are parallel to each other. The(Table 7 were calculated using the changes in absorbance at

two pyridine rings of each 4/4bpy are inclined toward one

500-600 nm.
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The X-ray analysis of 74(u-2,5-Mepyz)-4CH,Cl» 4. Concluding remarks

demonstrated that pyrazine coordinates intramolecularly to

74. The 2in (Cyn) symmetry of74 (u-2,5-Mexpyz) site re- This review documents the significant progress made

quires that 2,5-Mgpyz moieties is disordered; their methyl in the area of metallosupramolecular rectangles over the

groups and aromatic H atoms are assigned occupancies opast few years. The rich and varied possibilities for creat-

1/2. Nearly all substituted pyrazines exhibit a lower affin- ing rectangles constructed in a step-wise reaction or self-

ity for 74than the parent ligand. This trend is predicted from assembly process are described. As a strategy for the syn-

steric effects associated with bulky guest molecules. No spec-thesis of molecular rectangles, coordination-driven self-

troscopic evidence was found for the binding of these highly assembly proved to be superior to conventional routes, which

substituted derivatives. typically lead to kinetically distributed product formation.
Thus, structurally well-defined molecular rectangles can be
obtained in high selectivity and quantitative yield under mild
conditions through metal-mediated self-assembly. The in-

Table 7 corporation of transition metal centers into rectangular-like
Binding constants for4 with amines structures introduces new functionalities, such as lumines-
Amine KIM-L cence, redox and other properties. The excited state energies
Daboo 220 of rectangles can be tuned by the_ judicious chmce of lig-
Pyrazine (pyz) 56 ands and metal centers. The efficiency of luminescence of
2-Mepyz 28 molecular rectangles can be enormously improved through
2,3-Mexpyz 0.26 the incorporation of ligands with extendedconjugation.
2,5-Meypyz 0.83 An alternate way to improve luminescence properties is the
2,3-Ebpyz <0.2 introduction of long alkyl chains in the ligand resulting in
2-NHzpyz 93 . . . .
2-CHyOpyz 03 aggregatlon that !nduces Iumlnescence enhapcement. W|th
2-Clpyz 03 the improvement in photoluminescent properties and cavity
Quinoxaline 0.7 size of these host molecules to external guest, it is possible
Pyridine (py) 0.56 to use such systems as effective sensors. Thus the design of a
2-Mepy <02 class of luminescent and redox-active rectangles, possessing
4-Mepy 0.5 . . . o K
3,5-Mespy 0.6 a WeII—defmed caylty size that exhibit new fegtures, will pe
2-NH,py 1.0 a worthwhile subject for the further construction of sophis-
4-MezNpy 2.6 ticated models such as artificial photosynthesis, molecular

Data collected from re{70b]. electronics, etc.
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