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also describe coordination compounds not containing metals that undergo photachemically.
electrochemically. or chemically induced mechanical movements (molecular-ievel machines)
and behave as logic gates. « 1938 Elsevier Science S A.

Reywords: Supramolecular systems; Cage-type compounds, Azobenzene: Charge-transfer
complexes, Photochemistry; Photoplhysics

1. Introduction

The birth year of coordination chemisiry is assumed o be 1892, when Alfred
Werner conceived his theory of metal complexes [1]. Since then. the term coordina-
tion chemistry has mostly been used with reference to the chemistry of transition-
metal complexes and it has been considered as a part of the realm of inorganic
chemistry. This is the reason why in 1970 a monograph on the photochemisiry
of transition-metal complexes was entitled Photochemistry of Coordination
Coempounds [2].

In the last 20 vears it has become clearer and clearer that coordination chemustry
i, in fact, much more than the coordination of transition-metal ions by organic or
inorganic ligands. Pedor -n. Cram and Lehn {Nobel Prize winners in 19873 and
several other scientists have exiended the scope of coordination chemistry to the
binding of all kinds of substraies: cationic. anionic. and neutral molecular species
of either organic. inorganic, or biclogical nature [3]. Nowadays coordination chemis-
try merges into the big field of supramolecular chemistry. An extended view of
coordination chemisiry within the frame of supramolecular chemistry allows one to
discover interesting analogies between apparently different chemical systems and can
therefore suggest ideas for the design of novel compounds and the development of
systems capable of performing useful functions. This is particularly true as far as
photochemistry is concerned. since the possibility to exploit the interaciion of light
with matter for energy or information purposes depends ou the degree of organiza-
tion of the receiving matter [4-7]. Coordination compounds {with or without metals})
exhibit by definition a high level of organization and therefore they are quite useful
as components of molecular-level photochermical devices [8].

In this paper we illustrate specific examples concerning the similarity betw 2en the
photochemical behavior of classical coordimation compeunds 7i.e. metal complexes)
and supramoiecular specigs nol contamning metals, We also describe some new
supramolecular species where classical transition-metal complexes are used as com-
ponents of larger, functionally integrated supramolecular systems in an attempt to
achieve specific functions.

2. Cage-type coordination compounds

2.1 Caged metal ions

When a metal o0 s encapsulated in a cage-type ligand. guite peculiar properties
may appear. As far as the photechemical and photophysical behavior is concerned.



V. Balzuni et wl - Coordiaation Chemictey Reviews 1710 [y0X 3 16 s

"
N o ;P’
[ T
R S
Lo
Y ) )
L/;;h”‘%«\\ ‘ i ] g‘; /11
A f'y N %‘\ T e
Hy  NH pH [ e
Gl s E\/i\."Rﬁ ; ;\4/\ >~
i 34 i H \r e ‘Iﬂt
Co’y ) ) \
HN ap NH ! ;f I C
- D;C\ %\J S0
i NS N
4 S -
=] ! Y =
o”c\wﬁ
[Co(sep)]®” < [Ru1)”

Pig, 1. Cage-type metad compleses: [Cotsep)™ {9 00) [Ru

there are at least three very interesting cases {Fig. 1) of cage-type metal complexes
[13].

Cobalt sepulchrate {2,101 15 2 caged version of ot NH P 7. These two com-
plexes exhibit quite similar absorption specira. but very different photochemicul

properties. Wmi ECG(I‘%H})@‘* undergoes an efficient {($ =016} redoy decomposi-
tion on excitation in the ligand-to-metal charge transfer (LMCOT) bands.
[Cotsep)F ™ is completely pholoinert (@< 10~ f‘} {H} ?he reason ’f&f this wvery
different photochemical behavior is quite simyg ;
fermally Co(lIl) excited state undergoes fast ¢
dissociation of the amine ligands. whereas é‘a ihﬁ
kept around the reduced metal by the CLLEG’
from Co{11) to the oxidized ligand takes plac
in the case of [Ru{bpy)} . a ligand disso
low guantum yield} in 3 metal-ceniered (M
reason described above, the grantum wvield
1

about four orders of magnitude in [Ru-1
[Ruf{bpvi:]?” {11} Because of their great
caged Cofiify and Rulil} C{?F‘p!{'f}ié‘g cur b
The casc of Fu'™ mpn i
photochemdisiry. but Jumin
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Eu’" ion plays the role of a “reporter” about the interior of the cage through its
fuminescence properties. since some features of (he phosphorescence spectrum
depend on the coordination symmetry.

2.2, Caged molecules

The development of supramolecular chemistry has led 1o the synthesis of several
cage-type species capable of hosting neutral molecules s their cavities [21.22]
Paruicularly interesting hosts are the so-called hemicarcerands synthesized by Cram
and co-workers [23,24]. Hemicarcerands are cage-type molecules with large voids
and with “portals™ through which molecules having the right size can enter at high
temperature and then remain imprisoned at room temperature (“constrictive bind-
ingy. Biacetyl {2.3-butanedione} has been imprisoned into a hemicarcerand
[Fig. 2¢a)} with the dual purpose of (i} improving its luminescence properties, and
{11} obtaining mformation on the cawity of the hemicarcerand [25].

A very interesting feature of biacetyl i1s its strong and structured phosphorescence
baid (4.=518nm in CH,ClL) which originates {rom the lowest triplet excited
state T, [27]. The lifetime of the T, excited state is intrinsicatly long {millisecond
time scale). but it is strongly affected by oxygen guenching. In fuct, the phosphores-
cence band can hardly be observed in air equilibrated solutions. In carefully deaer-
ated CH-.Cl, solutions the lifetime of the T, exvited state is 0.43 ms.

When biacety! is imprisoned into the hemicarcerand shown in Fig. 2{a) [25]. its
spectrascopic and excited state properties do not depend on the solvent nature,
Furthermore. the lifetime of the T, excited siaie and the phosphorescence quantum
vield of imprniscned biacety! are unaffectad by the presence of dioxygen. These resulis
show that inclusion into the hemicarcerand (1) shields biacetyl from interaction with

Mg 2, Caged mokecules: {u blucety | nprisoned in a hemicarcerand [23]: (57 the two different orientations
sEIepyrraludinond saide a portommetric sals 4 larenc-hased hemmicaroerand [26].

of the guest -meth
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Table |
Emission properties of free and cncapsuled species”

Ea' ® Bravetd I

Pree Caged m 2 free Caged in 3
PRI § 31329 S S804 1K 523
T (s} a1t 146 -1 &4
@y ~23 toos < i00
* For references. see text: the tormuldae of cages 2 and 3 are shown in Fies 1 oand 2y respectinels.

" H LG solution, 298 K

Adr equilibrated f‘ii} !yosolution. 298 K.
A~ F, wransition.
¢ Facitation performed on the ligand 2

the solvent molecules and {n) prevents deactivation of its long-tived T, excited state
by energy fransier to d ioxygen. A sy ema i mvestigation has recently shown that
the T, exeited state of' i g}rszm@n biac cety I can undergo energy- and electron-transier
processes with suitable species present i the solution. but the rate constants o
processes are orders of magnitude smaller than those of the processes mvolvi
biacety] [28].

Since imprisoned biacetyl molecules are shielded {rom interaction with the solvent.

+3

their spectroscopic and excited siate ;Jmp e s must reflect the environment consti-

tuted by the internal cavity of the hemicarceplex. Comparison of ﬂﬁe position of the
phosphorescence maximum {or hr, mmz‘smneu !‘mfuelm W s‘rﬂa »h -slues obtained

smalier than that provided by even the most - imm:.em ) soivszm §25}.

Clearly. encapsulation on Bu’  and biacetyl gives rise to very similar effects
{Table 1 ). in spite of the different nature of the two systems. Such sinularities may
well extend to applications. since the lack of oxvgen quenching on the strong and
long-lived phmpho;*esce& ce of incarcerated biacetyl could open the way o a new
family of luminescent labels for immunoassay.

n important difference “eiw*m caged metal 1ons and caged molecules should
be emphasized. Whereas metal ious are species with high ssmmetry’. molecules may
have a variety of shapes. The ﬁ:?' 1 ¢ d " gt

and the characterisiics of the hosun
he propet '-:f.s of the system and mas .
n the ca o? Y-cyanoanthracene hos in a hemicarceransd. zht U substitm
~ans out of a window of the 7 iw froum rolating [
hernicarcerand based on calis{4jarens. the
fore guesis Iike I-methyl-2-pyrrolidinon
exhibit two ;ﬁum orientations. giving

i
H
i
le

PAn soduted
cotafedral, fehruhedral, and sguurg planur ones,

etz fory has spheral ssmnaetn . Th
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This phenomenon may offer a basis for information recording on a molecular scale
[22,31-34].

3. Compounds containing the azobenzene unit

1t is well known that crown ethers can play the role of higands for alkaline metal
ions [35.36]. Linking such ligands to photoisomerizable azo groups has led to a
variety of systems where the coordination ability can be controlied by light {37.38].
A classical example is shown in Fig. 3{a) [39]. In the rrans configuration of the
azobenzene chromophore. the system exhibits a weak ccordination ability for large
cations, Light excitation causes the trans-»cis isomerization yielding a configuration
suitable to enclose large cations between the two crown ethers, with a strong increase
in the coordination ability. The frans form extracts Na ™ 5.6 times more efficiently
than the ¢is form. whereas the ¢fs form extracts X © 42.5 times more efficiently than
the /rans form. Such a device offers a means of controlling the rate of ion transport
through membranes.

A non-metal-containing supramolecular system working on the same principle
has recently oeen reported {40]. Such a sysiem 1s illusirated in Fig. 3(b).
Amidoadenosine and p-nitropheny! ester can react to give an amide. The two
reactants {schematized by shaded areas in the figure) can be linked by H-bonds to
receplor units mounted on an azobenzene moiety. The trans form of the receptor is

Fig. 2. ta) A photoresponisive crown ether capable of performing photoswitching of metabcoordination
ability {39]. {by A photoresponsive host cupable of performing phoiocontrolled template cataiysts. The
twe reactants, schematized by the shaded arcas. are aminoadenosine and p-nitrophenyl ester [401.
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4 2 C

Fig. 4. Schematic representations of pseudorotaxanes (aj. rolaxanes (b, and catenanes {¢).

not able to catalyze the reaction. Light excitation at 365 nm causes the rrans. rcis
isomerization of the azobenzene-based ditopic receptor. thereby bringing the two
substrates close together. At the photostationary state. a nearly ten-fold enhancement
of the coupling rate has been observed. This system provides an example of photo-
controlled ici.plate catalysis.

4. Pseudoretaxanes, rofaxanes and catenanes as coordination compounds
41 PS(’!«'L&’(H'(P:’(1,‘[!2}?&’.\‘ FOLANORES, CETendies

In the lasi few years, Stoddart and co-workers [41] have shown that seli-assembly
of a macrocyclic ring and a thread-type species containing suitable eleciron donor
or acceptor uniis can lead to formaton of supramolecular species called pseudorotux-
anes [Fig. 4{a)]. Addition of two bulky groups at the end of the threaded component
or cyclization of this component can lead to rotaxanes [Fig. 4(b)] and. respectively.
catenanes [Fig. 4(c)]. A varlety of pseudorotaxanes. rotaxanes and catenanes have
been prepared by several research groups. Particularly worth mentioning are those
reported by Sauvage and co-workers [42]. which are obtained by the templaung
action of Cu' ions.

For space reasons. we will only deal with psendorotaxanes Mused on electron
donor/accepior interactions. Such pseudorotaxanes can certainly be considered coor-
dination compounds even when they do not contain any metal. This is clearly shown
by the analogv between Eq. 1) 143} and Eqg. (2) [44]:
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The similarity between such pseudorotaxanes and transition-metal complexes is
noi only formal, but extends to important properties.

4.2. Exchauge reactions

In a metal complex, the metal or ligand(s) can be replaced by another metal
{Eqg. (3431} or hgand{s} {Eq. (4) [46]i:

M /“‘\(H, e 7 Uil
/— ~ No—
Ny + oy e <: o PN
ATRTEN N x;_)
B\ ; (H HE s g CHL
[N H N
I!\!‘/\\I\:H NN ) VN
: <_ }———-&»&“} RN \i[\lx\li
Cu N “
NN ita_rs N 1 \...i i

Similarly, in a pseudorotaxane the thread or the cycle can be replaced by another
thread [ Eqg. {5)] or cycle [Eq. {6)] [47]):
)
—® ~.m {j ) J “,,\
I @®— ! O !

™, A

/

e\ ® @%ﬁ @ 2 @
Y. . dorem  ©

8@ U@ © @

L@ T _ @

4.3, Absorpiion and haninescence spectyu

Metal complexes may exhibit metwai-centered. ligand-centered. and charge-transtfer
(either metal-ts-ligand or ligand-ie-metal) absorption hands. The metal-centered
and ligand-centered bands are more or less perturbed by coordination. Emission
takes place from the lowest excited state. but it can only occur when such an excited
siate is not distorted compared 1o the ground s ue. Simifarly, in pseudorotaxanes
we can find absorption bands concerning the v o separated components (thread-
centered or cycle~centered) more or less pertu bed by association. and charge-
transfer bands (either thread-to-cycle or cvcle-to-thread). Fig. 5 shows the spectra
of a pseudorotazane and its two components [48]. Emission, if any. can again oceur
only from the lowest excited state. Since in pseudorotaxanes based on doner-accep-
tor interactions the charge-transier excited states lie at very low energy and are
distorted by their own nature, fast radiationtess decay to the ground state usually
prevents the occurrence of luminescence.



”

FoBulzani et ol Coordinaiion Chemisiry Reviews 1TF 019950 3 16 11

7 {nm}

e x 107 (M Tem ™

10
wavenumber x 107 (cm™")
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Fig 6. Llectrochemicalty-driven dethresding and rethreading processes m a psendorotasane (481
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4.4. Electrochemistry

Several transition-metal complexes undergo reversible outer-sphere redox reactions
[50]. For example:

{Ru(bpy),]*~ +¢ = [Ru(bpy)]” (7)

Other complexes undergo irreversible ligand dissociation upeon electrochemical
reduction or oxidation. Classical examples are Co(I11) complexes of amine-type
ligands {S1]. e.g.:

Colen);" +e~ =Co”” +3en (%)

The electrochemical behavior of pseudorotaxanes based on electron donor/acceptor
interactions is, in some way, a cembination of the two types of behavior exhibited
by metal compiexes. An miteresting example 1s shown in Fig. 6 [48.49]. Reduction
of the electron-acceptor moiety or oxidation of the electron-donor one destroys the
charge-transfer interaction which is at the basis of the threading process and therefore
causes dethreading, a process similar to ligand rslease from Co(en);” shown in
Eq. (8). However, the reduction and oxidation processes of pseudorotaxane compo-

a

\1.

AN @y
Products 7 P>@ r"o-é]jo ;;; - /

nv A~

Fig. 7. Electron-transfer photosensitization: () decomposition of a metal complex [32.53]: (b dethreading
of # pseudorotaxane [54}
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Fig. 8. Photochemically-driven dethreading of pseudorotaxanes. where the photosensitizer is incorporated
(ay in the thread and (by in the cvele.

nents, like those shown in Fig. 6. are reversible as happens for outer-sphere redox
reactions of metal complexes [Eq. (73], so that apon back oxidation or reduction
rethreading takes place. The threading. dethreading. and rethreading processes are
accompanied by strong changes in the absorption spectrum of the system.

4.5 Phoroinduced pracesses

From the above discussion on the electrochemical properties it s clear that
electron-transier photosensitization can be used o decompose a4 metal complex as
well as to dethread a pseudorotaxane. In the last few years, the expertise gathered
w'tb catalytic systems based on transition-metal complexes for water splitting [52. 53]

125 been profitably used to perform photoinduced dethreading of pseuﬁaratamneg
[54} by means of a bimolecular electron-transfer reaction {Fig. 7). Second cenemtm-}
systems. based on integraied structures that incorporaie the shotosensit zer af he
thread [55] {Fig. 8(a)] or the photosensitizer and the cycle {56} [Fig }}
recently been developed.

4.6, Molecudar-level mechanical machines and fogic gates

As we have seen above, the dethreading rethreading processes of pseudorctaxanes
can be induced by photons or elecirons. In some cases. these processes can also

be induced by suitable chemical reactions [57]. These photochemically-.
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= (CHaCHsCHyCH5 )N = CF3805H @

Fig. 9. Acid- and base-driven unthreading rethreading of a pseudorotaxane. The input (chemicaly output
{ luminescence) characteristics of this system correspond to those of a XOR logie gate {558].

electrochemically-, or chemically-driven processes are interesting for two reasons:
{i} they represent a simple example of a4 mechanical movement in a molecular-level
system that can be controlled by an external stimulus: (ii} the input (photon.
electron, proton, etc.)/output (absorption spectrum, emission spectrum, etc.) charac-
teristics of these molecular-level systems often correspond to those of a logic opera-
tion. For example, the behavior of the system shown in Fig. ¢ corresponds to that
of a XOR logic gate [58].

Mechanical-like movements under the action of photochemical, electrochemical.
or chemical stimuli can also be obtained in rotaxanes [59-61] and catenanes
[59.62-68].
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