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Ir'" and Ru" Complexes Containing Triazole-Pyridine Ligands:
Luminescence Enhancement upon Substitution with 3-Cyclodextrin
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Abstract: Novel 2-(1-substituted-1H-
1,2,3-triazol-4-yl)pyridine (pytl) ligands
have been prepared by “click chemis-
try” and used in the preparation of het-
eroleptic complexes of Ru and Ir with
bipyridine (bpy) and phenylpyridine
(ppy) ligands, respectively, resulting in
[Ru(bpy),(pytl-R)]CL, and  [Ir(ppy),-
(pytl-R)]Cl (R=methyl, adamantane
(ada), B-cyclodextrin (3CD)). The two
diastereoisomers of the Ir complex
with the appended B-cyclodextrin, [Ir-
(ppy).(pytl-pCD)]CIl, were separated.
The  [Ru(bpy),(pyt-R)|Cl, (R=Me,
ada or PCD) complexes have lower
lifetimes and quantum yields than
other polypyridine complexes. In con-

trast, the cyclometalated Ir complexes
display rather long lifetimes and very
high emission quantum yields. The
emission quantum yield and lifetime
(@=0.23, 7=1000 ns) of [Ir(ppy).(pytl-
ada)|Cl are surprisingly enhanced in
[Ir(ppy)2(pytI-BCD)|CI (P =054, 7=
2800 ns). This behavior is unprecedent-
ed for a metal complex and is most
likely due to its increased rigidity and
protection from water molecules as
well as from dioxygen quenching, be-
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cause of the hydrophobic cavity of the
BCD covalently attached to pytl. The
emissive excited state is localized on
these cyclometalating ligands, as under-
lined by the shift to the blue (450 nm)
upon substitution with two electron-
withdrawing fluorine substituents on
the phenyl unit. The significant differ-
ences between the quantum yields of
the two separate diastereoisomers of
[Ir(ppy).(pytl-pCD)]C1 (0.49 vs. 0.70)
are attributed to different interactions
of the chiral cyclodextrin substituent
with the A and A isomers of the metal
complex.
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Introduction

Cu-catalyzed dipolar [342] cycloaddition, better known as

the “click reaction”,/ involves the efficient formation of

1,2,3-triazole rings by coupling terminal alkynes and azides,
and can be used to synthesize a bidentate triazole-pyridine
ligand, 2-(1-substituted-1H-1,2,3-triazol-4-yl)pyridine (pytl;
see Scheme 1).% This novel approach is extremely flexible;
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Scheme 1. Preparation of pytl by the Cu-catalyzed Huisgen dipolar [342]
cycloaddition.

it allows in principle for the functionalization of any azide-
appended molecule with this ligand, as has been shown for
4-butoxyphenylazide® as well as for relatively small® and
large carbohydrates, such as cyclodextrins.!

Cyclodextrins (CDs) are well-known cyclic oligosacchar-
ides that can form inclusion complexes in aqueous solution
with a variety of hydrophobic substrates, such as adaman-
tane derivatives, and have been widely applied as supra-
molecular building blocks in various areas,”" including
photoactivated electron transfer processes.'*"! By applying
click chemistry to 2-ethynylpyridine and monoazido CD
the cyclodextrin-appended triazole-pyridine (pytl-fCD, 1)
could be readily prepared®! and complexed with metal ions.
Complexes of Ru”'" and especially of Ir™>* have received
increasing attention in recent years because of their promis-
ing photophysical properties; they have been described as
efficient photosensitizers, applied in the manufacture of op-
tical devices (in solution and in the solid state), and as com-
ponents for organic light-emitting diodes (OLEDs). Because
of our interest in such properties,'*"'" we prepared and char-
acterized a series of heterolep-
tic octahedral complexes con-
taining one substituted triazole-
pyridine ligand. Here we report
the synthesis and the photo-
physical properties of such
complexes of 1 with Ru" and
Ir"™, in which the coordination
sphere is completed by bipyri-
dine (bpy) for Ru" and phenyl-
pyridine (ppy) for Ir'™, giving
the complexes [Ru(bpy),(pytl-
BCD)]CL, and  [Ir(ppy)a(pytl-
BCD)]CI, respectively.

By applying click chemistry
to azide-appended adamantane
and 2-ethynylpyridine, we also
prepared  2-(1-adamantyl-1H-
1,2,3-triazol-4-yl)pyridine (pytl-
ada, 2) and its Ru and Ir com-
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plexes [Ru(bpy),(2)]Cl, and [Ir(ppy).(2)]Cl. Starting from
methyl azide, pytl-Me 3 was prepared, together with its Ru
complex [Ru(bpy),(3)]CL.

Several approaches to tuning the emission energy of cy-
clometalated Ir complexes have focused on decreasing the
HOMO energy while keeping the LUMO energy relatively
unchanged. The addition of electron-withdrawing groups to
the phenyl ring has been used as one way to achieve this
goal. The most common withdrawing group used for this

=
o
| X N N
2N 25N~
Ry
= ‘N RN NI
X N N-N
‘/ 2 >>
3 [Ru(bpy)2(2)ICl,
= F =
NS N©r S
o H_“,N Z £ . H',-‘N %
i c i
R ERNEN SR IRNPEN
No N-N N. N-N
% F ¥z
[Ir(ppy)2(2)ICI [Ir(F2ppy)2(2)ICI

Chem. Eur. J. 0000, 00, 0-0


www.chemeurj.org

Luminescent Ir'™ and Ru" Complexes

purpose is fluorine.’*®! For this reason, we prepared com-
plexes of 2 in which the coordination sphere of Ir was com-
pleted either with ppy or its 3,5-bisfluorinated analogue
Fyppy.

There are some examples in the literature of ruthenium
complexes containing 1,2,3-triazole ligands.’** Ru com-
plexes in which the coordination sphere is occupied by one
or three pytl ligands have been described but emission prop-
erties have never been reported.’**”) Some examples of ana-
logues of ruthenium bisterpyridine have also been men-
tioned, in which each terpyridine ligand has been substituted
for a 2,6-bis(1-methyl-1H-1,2,3-triazol-4-yl)pyridine
ligand.®®*! The preparation of Ir complexes containing tri-
azole-pyridine ligands has been published recently.”) How-
ever, these ligands differ from ours because they do not
have a substituent on the nitrogen in position 1, they are
negatively charged, and the corresponding iridium com-
plexes are neutral. The functionalization of Ir complexes
with BCD has never been described. An obvious advantage
of the monofunctionalization of BCD with pytl over the
functionalization of all the primary hydroxyls of this com-
pound described earlier’ is that it enables studies on a
single metal ion bound to a cyclodextrin molecule. On the
other hand, it is responsible for the loss of symmetry in the
cyclodextrin moiety, thus leading to rather complex NMR
spectra. For this reason, high-resolution NMR spectroscopy
techniques were applied for the characterization of these de-
rivatives.

In this paper we show that the cyclometalated Ir com-
plexes [Ir(ppy).(pytl-R)]Cl (R=ada or BCD) containing 1-
substituted pytl ligands display blue-greenish emission pos-
sessing the characteristic long triplet lifetimes and surpris-
ingly high emission quantum yields, especially for the CD
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derivative, [Ir(ppy),(1)]Cl. By HPLC separation, NMR spec-
troscopy, circular dichroism, and X-ray crystallographic
studies we established that the complex [Ir(ppy),(1)]Cl
exists in two diastereoisomeric forms. These diastereoiso-
mers show an unexpectedly large difference in their quan-
tum yields, considering the fact that the metal centers are in
an enantiomeric relationship. To our knowledge such behav-
ior has never been reported previously for metal complexes;
it is due to a noncovalent interaction of the Ir complex with
the covalently attached fCD, which acts as a chiral second-
sphere ligand.

Results and Discussion

Synthesis of pytl ligands and their Ru and Ir complexes:
The established high efficiency and versatility of the click
reaction!! (Scheme 1) is the key to the success of our ap-
proach. A small library of differently functionalized ligands
was very easily prepared, starting from three different mole-
cules all containing an azide, simply by carrying out the
click reaction in the presence of 2-ethynylpyridine. In the
case of the monofunctionalized BCD it was further decided
to methylate the 20 remaining hydroxyl groups, thus making
the molecule soluble in a wider range of solvents™!! as well
as easier to purify by chromatography,*!! and extending the
hydrophobic cavity so that its binding properties would be
improved.”! The preparation of the permethylated mono-
pytl-appended BCD 1 from BCD 4 (Scheme 2) proceeded
via the monotosyl-CD derivative 4a, the monoazido BCD
4b, and the monoazido permethylated BCD 5 as described
elsewhere.*! Compound 5 was then reacted with 2-ethynyl-
pyridine 6 in deoxygenated THF, in the presence of CuBr
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Scheme 2. Synthesis of 5 and [Ru(bpy),(1)]Cl,. Reagents and conditions: i) H,O, NaOH, TsCl; ii) DMF, NaN;, 60°C; iii) DMF, NaH, CH;I; iv) CuBr,
PMDTA, THF, under N,, 2 h; v) mixture of 5% water in 2-methoxyethanol, 90°C, 24 h.
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and pentamethyldiethylenetriamine (PMDTA). This reac-
tion is extremely selective and efficient, leading to the de-
sired compound 1 in 91% yield without any side products.
The novel ligands pytl-ada 2 and pytl-Me 3 were prepared
analogously, by reaction of 6 with 1-azidoadamantane and
methyl azide, respectively. The complex [Ru(bpy),(1)]Cl,
was prepared by reaction of the pytl ligand 1 with the com-
mercially available cis-Ru(bpy),Cl, for 24 h (Scheme 2) to
give, in 92% yield, an orange solid which, after purification
by HPLC, was found to correspond to the desired structure.
The complexes [Ru(bpy),(R)]CL, (R=2, 3) were prepared
by following an analogous synthetic path. The compounds
[Ir(ppy)-(X)]Cl (X =1, 2) and [Ir(F,ppy),(2)]Cl were synthe-
sized easily by replacing the bridging chlorides from the Ir'™
p-chloro-bridged dimer (ppy),Ir(u-Cl),Ir(ppy), with the cor-
responding bidentate pytl ligands. The mono-pytl BCD 1 re-
acted with the dinuclear species under quite mild conditions,
in chloroform/methanol (3:1, v/v) at 45°C (Scheme 3). After

(OMe)44 (e

(OMe)g N—N N

[Ir(ppy)2(DICI

Scheme 3. Synthesis of [Ir(ppy),(1)]Cl. Conditions: i) chloroform/metha-
nol, 3:1 (v/v), 45°C, 3 h.

3 h the formation of only one new spot was observed in the
TLC, characterized (in contrast to the starting compound 1)
by an extremely bright green luminescence under a UV/Vis
lamp at 366 nm. [Ir(ppy),(2)]Cl and [Ir(F,ppy),(2)]Cl were
prepared analogously. In all cases the purification was per-
formed by silica-gel chromatography or by HPLC on a re-
versed-phase column (see the Experimental Section) to give
yellow solids in high yields (91-95%).

The structures of the two ligands (2, pytl-ada; 3, pytl-Me)
and of the Ir complex ([Ir(ppy),(2)]Cl were determined by
crystallography; details are given in Table S1, structures in
Figures S1-S3, selected bond distances and angles in Ta-
bles S2-S4, and atomic coordinates and equivalent isotropic
displacement parameters in Tables S5-S7. The packing of
the molecules of the enantiomers of [Ir(ppy).(2)]Cl will be
discussed in the section on the structural characterization of

[Ir(ppy)-(1)]CI (see below).

Photophysical characterization

Absorption and emission of Ru and Ir complexes: The pho-
tophysical properties of the iridium and ruthenium pytl com-

www.chemeurj.org
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plexes were determined by steady-state and time-resolved
spectroscopic methods. The absorption spectra of all Ru and
Ir complexes in water at room temperature (Figure 1) show
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Figure 1. UV/Vis absorption spectra of Ru complexes (top; —, [Ru-
(bpy)o(D)]Cly; ==+, [Ru(bpy),(2)]CL; -----, [Ru(bpy),(3)|CL,) and Ir com-
plexes (bottom; —, [Ir(ppy)a(2)]CL; -----, [Ir(ppy)o(D]CL; +eees, [Ir-

(Foppy)»(2)]C) in water.

intense bands in the UV region (290 nm) and moderately in-
tense bands in the visible region (350-500 nm) that are typi-
cal for ruthenium and iridium polypyridyl complexes. All
the bands can be interpreted by comparing the absorption
spectra of the ruthenium complexes (Figure 1, top) with that
assigned to Ru(bpy);**.”"! The bands at wavelengths shorter
than 300 nm belong to the allowed m—mt* transitions of the
coordinated ligands and in particular to the bipyridine units,
and the shoulder that appears at 280 nm is due to the substi-
tution of one of the pyridine rings by the triazole ring. All
the complexes display the typical metal-to-ligand charge-
transfer singlet ('MLCT) band between 400 and 500 nm;
whereas Ru(bpy);*" shows a clear maximum at 452 nm, in
our complexes the coexistence of different ligands at similar
energies leads to a set of MLCT bands due to the transitions
from the metal to the bpy ligands or to the triazole-pyridine
ligand.

For the iridium complexes (Figure 1, bottom) the absorp-
tion spectra resemble those of triazole Ir complexes. "+
The bands in the 250-300 nm region belong again to the al-
lowed intraligand m—m* transitions of the phenyl-pyridine
units and of the triazole-pyridine. The absorption spectra of
the iridium complexes show 'MLCT transitions at energies
lower than the ligand m—x* transitions, in the 300-350 nm
region, partially overlapping with the spin-forbidden *MLCT
transitions, which extend to 400 nm.B**

The luminescence spectra of the ruthenium complexes
(Figure 2, top) show a broad band centered around 610 nm
and typical of the radiative decay from a *MLCT state. In
the case of the iridium complexes (Figure 2, bottom) with

Chem. Eur. J. 0000, 00, 0-0
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Figure 2. Room-temperature emission spectra in water of Ru complexes
(top; Aexe=445 nm; —, [Ru(bpy),(D]Cly; +++++, [Ru(bpy)y(2)|Cly; -----,
[Ru(bpy),(3)]Cl,) and Ir complexes (bottom; A..=380nm; —, [Ir-
(PPY)2(DICL; ++++, [I(ppy)x(2)]CL; -----, [Ir(Foppy)»(2)]CL).

the phenyl-pyridine ligands and the substituted triazole-pyri-
dine we can see the resolved vibronic structure typical of
this type of complex. The lowest excited state for Ir is also a
SMLCT state, but for such high-energy-emitting complexes a
certain degree of mixing with the ligand-centered triplet
(’LCQ) is present. Fluorination of the phenyl rings on the ppy
ligands lowers the energy of the HOMO orbital in the mole-
cules. The lowering of the LUMO energy is significantly less
than for the HOMO, resulting in a widening of the HOMO-
LUMO gap and leading to an increase in excited-state
energy. This is translated into a blue shift in the emission on
going from the green emitters (nonfluorinated) to the blue
emitters (fluorinated complexes) (Figure 2, bottom). In the
homoleptic complexes Ir(ppy); and the fluorinated homo-
logue Ir(F,ppy); a blue shift of 39 nm occurs.” The quan-
tum yields of emission as well as the emission lifetimes for
both Ru and Ir complexes were determined in aqueous solu-
tions under air-equilibrated and in deaerated conditions
(Table 1). The pytl ligand appears to influence the excited
states of the ruthenium and iridium complexes in different
ways.

Ruthenium complexes exhibit rather short lifetimes and
low quantum yields® and their photophysical properties
are therefore unaffected by the presence of dioxygen
(Table 1).

The lowest excited state most likely involves the bipyri-
dine ligands because the LUMO of the triazole is more elec-
tron-rich and therefore higher in energy than those of the
pyridines. In ruthenium complexes containing 1,2,4-triazole-
pyridine ligands, the lowest-energy excited electronic states
are predominantly bipyridine-based.***! We believe that in
our case also we have the same trend, but that this is affect-
ed by the nitrogen substitution of the triazole, which renders

Chem. Eur. J. 2009, 00, 0-0
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Table 1. Luminescence lifetimes and emission quantum yields of the com-
plexes.

Complex! Aon[nm )P @(ain)® B(Ar)Pl r(air) T(Ar) (77 K)
[HS][C'd] [ns][“] [ns]m
[Ru(bpy),()]CL, 610 00054 00056 240 248 6300
[Ru(bpy),(2)[Cl, 615 00047 00048 191 196 6000
[Ru(bpy),(3)Cl, 615 00060 00062 263 274 6000
(r(ppy),(DICI 475 0.14 0.54 690 2800 5300
(Ir(ppy),2)]Cl 475 0076 023 435 1000 5200
(Ir(Fappy)a(2)]C1 450 0071 0.16 480 1100 6000

[a] 1=pytl-BCD, 2=pytl-ada, 3=pytl-Me. [b] Ruthenium was excited at
448 nm and iridium at 402 nm. [c] Ruthenium was excited at 420 nm and iri-
dium at 380 nm. [d] The solutions were measured in air-equilibrated water.
[e] The solutions were measured in argon-saturated water degassed by bub-
bling argon through the solutions for 20-30 min. [f] The glassy EtOH/

MeOH (1:1) matrix samples were excited at 435 nm.

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim —
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the substituted triazole a worse o donor than the unsubsti-
tuted 1,2,4-triazole. As a consequence we would expect a
smaller ligand field for the triazole-pyridine, which would
cause a lowering of the metal-centered triplet states *MC),
which are known to be thermally populated and efficient
nonradiative channels for the depopulation of the lumines-
cent *MLCT state.”!! A similar behavior is also observed
upon protonation of the nitrogen in position 4 in ruthenium
complexes with a 1,24-triazole-pyridine ligand. Such elec-
tronic properties are reflected in the poor emitting proper-
ties of our complexes.

A different situation is observed with the compounds
which display excited-state lifetimes in the microsecond
range typical of cyclometalated iridium complexes;?* they
all decay with monoexponential kinetics. They also show
high emission quantum yields. Due to the long lifetime of
their excited states, which is related to the triplet character
of the emission, they are very sensitive to dioxygen, which
can therefore quench their luminescent excited states. In
general, the emission energies of luminescent cyclometalat-
ed iridium complexes are strongly influenced by the triplet
energy of the ligand.®**! The HOMO is composed princi-
pally of p orbitals of the phenyl ring and metal d orbitals of
the Ir. The pyridine is more electronegative and is therefore
responsible for the LUMO. In many cases and in particular
for blue emitters, the lowest excited state of the complex is
best described as an admixture of *LC and *MLCT
states. 142420

Very interestingly, the substitution with a f-cyclodextrin
alters the photophysical behavior greatly compared with the
adamantyl derivative. Even though the emission maximum
is unchanged, indicating the same nature and involvement
of the coordinated ligand, the emission quantum yields, for
both air-equilibrated and deaerated water solutions, increase
dramatically (@(air)=0.14, ®(Ar)=0.54). The excited state
lifetimes also change and in particular become longer (see
Table 1). Such an elongation of the air-equilibrated lifetime
points to a shielding of the emitting core from dioxygen.
This is perhaps caused by the PCD, which could in some
way interact with the phenyl-pyridine ligands, partially keep-

www.chemeurj.org
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ing the water and the oxygen away from the Ir core. Such
effects on phosphorescent molecules inside cyclodextrin
complexes have been observed previously.'*'#1%1 The per-
methylated cyclodextrin has a very flexible structure com-
pared to the native CD, due to the breaking of its internal
hydrogen bonds. The primary side of the cavity is very close
to the metal center and, due to its flexibility, it could ap-
proach the complex, partially shielding the ligands involved
in the lowest excited states, with a consequent reduction of
nonradiative decay processes. An estimate of the quenching
constant k, that describes the quenching of the Ir complexes
by molecular oxygen can be obtained by applying the Stern—
Volmer equation to the ratios of the quantum yields and the
lifetimes given in Tables 1 and 2 (see below) and is included
in the Supporting Information. The formation of singlet
oxygen by using photosensitizers is well known and has also
been discussed recently for iridium complexes,™® but it was
not investigated for our complexes.

Low-temperature luminescence: Comparison of Figure 3,
which shows the low-temperature luminescence emission of
the ruthenium and iridium complexes at 77 K in a EtOH/
MeOH glassy matrix, with the spectra at room temperature
(Figure 2) reveals that the emission spectra become well
structured for the iridium and the ruthenium compounds in
the low-temperature experiments. [Ir(ppy),(1)]Cl and [Ir-
(ppy)2(2)]Cl have spectra that nearly overlap in peak posi-
tion and relative peak intensities. As expected, a difference
arises with the fluorinated complex [Ir(F,ppy),(2)]Cl, which
shows a blue shift in the emission. All three emission spectra
of the ruthenium compounds are clearly very similar with

Intensity

[ } I ! [
500 600 700 800
Wavelength / nm

Intensity

450 500 550 600 650 700
Wavelength / nm

Figure 3. 77 K luminescence spectra in a glassy EtOH/MeOH (1:1)

matrix of ruthenium complexes (top; 4.,.=445nm, —, [Ru-
(bpy)2(D]Cly; «++++, [Ru(bpy),(2)]Cl,; -----, [Ru(bpy),(3)]CL,) and iridium
compounds (bottom; A4,,.=380nm; ——, [Ir(ppy),(1)]Cl; eeee , [Ir-
(PPY)2(D)ICI; -----, [Ir(F;ppy),(2)]C1 ).
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only a minor difference in the emission of [Ru(bpy),(3)]CL,
in the higher-wavelength region.

The vibronic structure of the iridium complexes corre-
sponds to 1200 cm™!, the ring-vibration frequency of the
phenyl-pyridine ligand, confirming the participation of the
ligand in the emission.”

For the ruthenium complexes the vibronic structure corre-
sponds to 1400 and 1500 cm™', the ring-breathing frequen-
cies of the bipyridine ligand, confirming the participation of
this ligand in the excited-state luminescence emission of the
complex as well.®! This corroborates the assumption made
above that the lowest emitting state involves the bipyridine
ligands and that the triazole has little or no influence on the
energy of the emissive state. The emission maximum is blue-
shifted (relative to room temperature), as expected for
charge transfer states and already observed for bipyridine
complexes.”

Transient absorption measurements of the complexes: As dis-
cussed above, the excited-state properties of the iridium
complexes can be described by an admixture of *LC and
*MLCT states. Transient absorption spectra were recorded
to investigate further the exact nature of the excited state in
air-equilibrated water at room temperature. The complex
[Ir(ppy)»(1)]Cl (Figure 4) presents two absorption bands, at

400 500 600 700 800
Wavelength / nm

o 40 ©
s s 40
~ o0 —
3 3 20
0— 3 !
I T I I I I
0 1000 2000 0 1000 2000

Time / ns Time / ns

Figure 4. Top: Transient absorption spectrum of [Ir(ppy),(1)]Cl after
laser light excitation at A=380 nm, with decay kinetics at 1=360 nm
(bottom left) and 1=449 nm (bottom right). 250 accumulations per
frame, 25 frames (only first and odd numbered frames are shown in the
transient spectrum for clarity), 100 ns increment in between frames.
Decay at A=360 nm, t=754 ns. Decay at =449 nm, t=723 ns.

360 and 450 nm; the same spectrum is observed for [Ir-
(ppy)»(2)]Cl1 (Figure S4). Both bands decay monoexponen-
tially with similar lifetimes to those observed with time-re-
solved emission, suggesting that the emissive and absorbing
states are identical. A similar behavior is observed for [Ir-
(Foppy)2(2)]Cl (Figure S5); however, in this case the transi-
ent is formed by only one band, which is less well defined,
between 300 and 500 nm with a maximum at 380 nm. All

Chem. Eur. J. 0000, 00, 0-0
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the transient spectra for these complexes show an absorp-
tion band tailing into the infrared.

For the orthometalated complex Ir(ppy); the transient
spectrum characterized by a band centered at 370 nm with a
shoulder around 480 nm and a featureless tail extending to
the near-infrared region has been reported.®!l In our case
similar bands appear,® which could therefore be ascribed
to an excited state localized on the ppy ligands, with an
MLCT character and the lower-energy bands tentatively as-
signed to T|-T, transitions. In the case of [Ir(F,ppy),(2)]Cl
the presence of the fluorine atoms that lower the HOMO
level, and the higher degree of mixing between the MLCT
and LC states, result in a featureless broad band (Fig-
ure S5).

The transient absorption spectra of the ruthenium com-
plexes were recorded in argon-saturated water (degassed
conditions) to obtain more insight into the nature of the ex-
cited states. In all three cases the spectra are very similar, in-
dicating that the substituents attached to the triazole do not
induce significant changes in the excited-state absorption
properties (Figure S6). The transient absorption spectrum of
Ru(bpy),** is very well known and the comparison with our
systems can be very useful in assigning the observed
bands.™! Transient absorption spectra show a strong bleach-
ing of ground-state absorption upon excitation, with a recov-
ery comparable with that obtained from emission lifetime
measurements (between 25 and 30 ns) (Figure S6). All the
complexes studied show a strong excited-state peak at about
380 nm that has been identified as due to the radical anion
(bpy™™) absorption, confirming the assignment of an MLCT
involving the bpy as the lowest excited state.

Structural characterization of [Ir(ppy),(1)]Cl diastereoiso-
mers: The iridium complexes [Ir(ppy),(L)Cl] (L=ligand)
are always prepared by reaction of an ancillary ligand with
the Ir'™ p-chloro-bridged dimer (ppy),Ir(u-Cl),Ir(ppy), (mer
configuration) in which the nitrogen atoms of the ppy li-
gands are always in a trans position with respect to the
metal atom.’™ This fact limits the number of possible stereo-
isomers of the resulting complexes that coordinate three bi-
dentate ligands (two ppy, one pytl) to one pair of enantio-
mers. Our [Ir(ppy),(2)]Cl crystals proved to be a racemic
mixture (Figure 5), containing two pairs of enantiomers (A
and A) in each unit cell (Z=4).

The covalent functionalization of a metal complex that
exists in two enantiomeric forms with the chiral enantiopure
BCD, composed of a-p-glucose building blocks, leads to the
formation of diastereoisomeric species (Figure 6a,b). As the
geometry of metal complexes can play an important role in
photophysics, we investigated the effects of the existence of
two diastereoisomers of [Ir(ppy),(1)]Cl in more detail.

The native fCD has a C7 symmetry that is broken by the
monofunctionalization, and this fact is responsible for the
high complexity of the carbohydrate region of the 'H NMR
spectra. The situation becomes even more complex in the
case of [Ir(ppy),(1)]Cl because the two diastereoisomers are
expected to display different NMR spectra. Indeed, the
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Figure 5. Unit cell of [Ir(ppy)»(2)]Cl. The top and bottom structures
toward the left are A; the top and bottom ones toward the right are A.
Hydrogen atoms and solvent (H,0O) molecules are omitted for clarity.
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Figure 6. a) A and b) A diastereoisomeric forms of [Ir(ppy),(1)]Cl;
¢) HPLC chromatogram: separation of the two Ir complexes by using a
gradient of acetonitrile and H,O containing 0.1 % v/v HCI. d) Circular di-
chroism spectra in H,O of HPLC fractions: red, 1st HPLC peak; black,
2nd HPLC peak. e—g) Part of the aromatic region of the '"H NMR spectra
of e) the mixture of diastereoisomers of [Ir(ppy),(1)]Cl; f) the 1st fraction
corresponding to A, g) the 2nd fraction corresponding to B (400 MHz,
CDCl;, 25°C).
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"H NMR spectrum of the mixture of [Ir(ppy),(1)]Cl (Fig-
ure 6¢) suggests the presence of two different compounds in
a 44:56 ratio. We found that these diastereoisomers can be
separated on an achiral reversed-phase HPLC column with
0.1% (v/v) HCI or TFA in the mobile phase (Figure 6¢); the
ratio calculated from the peak areas corresponds to that de-
rived from NMR. Under the same conditions in a semipre-
parative HPLC column, the two isomeric compounds were
isolated in milligram scale, fully characterized, and labeled
[Ir(ppy),(1)]CI(A) and (B) in order of elution.

In the aromatic region of the 'H NMR spectra in Fig-
ure 2e-g, the spectrum of the mixture of [Ir(ppy),(1)]Cl can
be reproduced perfectly by overlapping the spectra of the
two isolated isomers (A) and (B). The suggestion that these
compounds are identical in the configuration of the cyclo-
dextrin moiety, but have different arrangements of the bi-
dentate ligands around the metal (Figure 6a,b), was further
corroborated by their circular dichroism spectra (Figure 6d):
the two isomers have identical absorption spectra with ellip-
ticities of opposite sign. Comparison with circular dichroism
spectra of enantiomerically pure cyclometalated Ir com-
plexes from the literaturel® allows assignment of the first
peak (A) as the A and the second (B) as the A enantiomer.

Quantum yields and lifetimes of [Ir(ppy),(1)]Cl: The mix-
ture of isomers (A) and (B) and the individual components
behave similarly in air-equilibrated solution, with lumines-
cence quantum yields close to 14% (Tables 1 and 2). In de-

Table 2. Photophysical data for the separated diastereoisomers (A, A; B,
A) and their mixture.”!

Complex Aexe @(air) P(Ar) t(air) t(Ar)
[nm]® [ns] [ns]

Ir ,(1)]Cl mixture 380 014  0.54 690 2800
PPy

Ir ,(1)]Clisomer 380 013 049 670 2700
PPy

(A)

Ir ,(1)]Cl isomer 380 0.14  0.70 680 2900
PPy

(B)

[a] The solutions were measured in air-equilibrated solvent (air) and in
argon-saturated solvent degassed by bubbling argon through it for 20—
30 min (Ar). [b] The optical density at the excitation wavelength was
kept below 0.1.

aerated conditions, however, we observed clear differences
among the mixture and the isomers. The mixture has an in-
termediate quantum yield relative to the separated diaste-
reoisomers; isomers (A) and (B) show lower and higher
emission quantum yields, respectively (Table 2).

As we discussed in the previous section, the substitution
of an aliphatic system with the BCD results in a long exten-
sion of the lifetime and a large increase in emission quan-
tum yields.

We have speculated that such an effect could be due to a
noncovalent interaction of the ppy ligands coordinated to
the Ir with the hydrophobic cavity of the covalently attached
BCD. Indeed, it is known that CD can act simultaneously as
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both a first- and a second-sphere ligand when covalently at-
tached to a potential guest.'”! This can enhance the photo-
physical properties of the guest mainly in three ways, by:
a) limiting the molecular degrees of freedom of the chemical
bonds, thus reducing the nonradiative deactivation of the
triplet excited state; b) changing the microenvironmental
polarity; c) preventing the excited-state quenching from dy-
namic collision or oxygen energy transfer.

The observed changes in guest phosphorescence in the
presence of CD provide clear evidence that the inclusion
complex has formed but they give limited structural infor-
mation on the geometry and mode of inclusion. More data
can be obtained from molecular modeling based on NMR
studies, which can show specific interactions between specif-
ic parts of the guest and host. Inspection of a molecular
model (not shown) of our system reveals that a hydrophobic
pocket is formed on the primary side of the cavity due to
the methylation of the hydroxyl groups. Moreover, the
metal complex with the cyclodextrin appended is forced to
be close to this substituted rim because the covalent link is
relatively short. Preliminary high-resolution NMR investiga-
tions (not shown) on the A (A) diastereoisomer show that
there is interaction between the iridium complex and the
primary side of the attached CD. The rather large size of
the Ir complex as compared with the diameter of the fCD
cavity would not allow the formation of a real inclusion
complex but instead give only a “semi-inclusion” complex
of, for example, the aromatic ligands. A full account giving
the assignments and analyzing the ROESY (rotating-frame
Overhauser effect spectroscopy) contacts in terms of a 3D
structure will be given elsewhere.

An additional effect of the PCD is the large and unex-
pected difference in the quantum yields of the two diaste-
reoisomeric forms of the complex [Ir(ppy),(1)]Cl (Table 2).
This can be explained by a preferential interaction of the
chiral BCD with one of the enantiomers of the attached
metal complex. The inherent chirality of the octahedral tris-
bidentate complex (Figure 5) is recognized by the cyclodex-
trin and probably leads to a stronger or deeper interaction
in the case of one diastereoisomer than of the other. A mac-
roworld analogy to describe the effect of semi-inclusion,
which is different for the diastereoisomers, is to consider the
pair of enantiomeric Ir complexes as chiral “heads” which
each put on the same enantiopure cyclodextrin as a chiral
“hat”; the interactions between the heads and the hat are
different, and result in different effects of the hat on the
properties of the head. This idea is corroborated by the ex-
ample of chiral recognition of helical metal complexes by
CDs reported by Kano,'® who has investigated the interac-
tion of the Ru(phen); in water with CDs fully carboxylated
on their primary side.

Conclusions

We have described the design and preparation, by “click
chemistry,” of novel Ru and Ir complexes with the cyclodex-
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trin-, methyl-, and adamantane-appended triazole-pyridine
ligands pytl-CD, pytl-Me, and pytl-ada. The preparations of
the heteroleptic complexes of Ru and Ir with bipyridine
(bpy) and phenyl-pyridine (ppy), respectively, resulting in
[Ru(bpy),(pytl-R)]CL,, and [Ir(ppy).(pytl-R)]Cl are de-
scribed. The two diastereoisomeric forms of the Ir complex
of a cyclodextrin-appended ligand [Ir(ppy),(1)]Cl were sepa-
rated by HPLC and characterized by NMR and circular di-
chroism spectroscopy. The luminescence of the Ru com-
plexes (at 610-615 nm upon excitation at 448 or 420 nm) has
a low quantum yield (0.005-0.006) and short lifetime (20—
30 ns) and is not affected by oxygen. In contrast, the pres-
ence of the pytl ligand in the cyclometalated Ir complexes
gives a series of highly luminescent compounds with emis-
sion quantum yields ranging between 0.23 and 0.70. Interest-
ingly, it was found that the nature of the substituent strongly
affects @ and 7 values of such complexes; the emission in-
tensity is enhanced on going from the adamantane-append-
ed ([Ir(ppy).(2)]Cl to the cyclodextrin-appended derivative
[Ir(ppy)»(1)]Cl. The luminescence enhancement is observed
both in argon-saturated and in air-equilibrated water solu-
tions. Large differences between the quantum yields of the
two diastereoisomers (A, A) and (B, A) of [Ir(ppy),(1)]Cl
were observed also. These effects are ascribed to a partial
self-inclusion of the Ir complex into the primary side of the
chiral BCD cavity, which acts as an enantioselective second-
sphere ligand. This limits the vibration modes of the ligands,
changes the micropolarity around the emissive excited state,
and shields it from a quencher such as oxygen. The excited
state of the Ir complexes is an admixture of *MC and
SMLCT states and it is mainly ligand (ppy)-based. The
phenyl and the pyridine moieties of the ppy ligand are ex-
pected to contribute most to the HOMO and LUMO of the
complex, respectively. This was also confirmed by studies on
Ir(F,ppy),(2)]Cl, in which the introduction of fluorine on
the phenyl rings produces bright blue emitting compounds
(450 nm), because it lowers the energy of the HOMO
orbital.

These new ligands for highly luminescent iridium com-
plexes can be prepared easily by click chemistry, and the lu-
minescence wavelength and intensity can be tuned by intro-
ducing substituents on the ppy or appending a cyclodextrin,
respectively. In particular, the presence of the -cyclodextrin
leads to species that are also highly luminescent in air-equili-
brated water solutions, by reducing the sensitivity of the Ir
complexes to dioxygen. This opens new horizons for the
preparation and application of new luminescent iridium
complexes, for example, in electrochemiluminescent devices
with highly improved efficiency.

Experimental Section

General: THF was purified by distillation under nitrogen from sodium/
benzophenone, and dry DMF was purchased from Fluka. The “magic
mixture” eluent was a mixture of H,O (300 mL), NaCl (30 g), acetonitrile
(1200 mL), and MeOH (300 mL). Compounds 4a, 4b, and 5, and the Ir'"
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p-chloro-bridged dimers (ppy),Ir(u-Cl),Ir(ppy),, and (F,ppy),Ir(u-Cl),Ir-
(F,ppy),, were prepared according to literature procedures.>) All other
chemicals were purchased from Aldrich, Fluka, or Acros and were used
as received. Analytical TLC was performed on Merck precoated silica
gel 60 F-254 plates (layer thickness 0.25 mm) and the compounds were vi-
sualized by UV irradiation at A=254 nm and/or A=366 nm and by stain-
ing with phosphomolybdic acid reagent or KMnO,. Purifications by silica
gel chromatography were performed using Acros (0.035-0.070 mm, pore
diameter~6 nm) silica gel. All click reactions were performed in an
oxygen-free atmosphere of N, by using Schlenk conditions and distilled
solvents.

NMR: 'H NMR spectra reported in the Supporting Information were re-
corded, at 25°C, on a Varian Inova 400 or a Bruker DMX-300 machine
operating at 400 or 300 MHz, respectively. *C NMR spectra were record-
ed on a Bruker DMX-300 machine operating at 75 MHz. '"H NMR chem-
ical shifts (0) are reported in parts per million (ppm) relative to a residu-
al proton peak of the solvent: 0=3.31 for CD;0OD, 6=7.26 for CDCl,,
and 0 =2.50 for DMSO. Multiplicities are reported as: s (singlet), d (dou-
blet), t (triplet), q (quartet), dd (doublet of doublets), ddd (doublet of
doublet of doublets), dt (doublet of triplets), or m (multiplet). Broad
peaks are indicated by b. Coupling constants are reported as a J value in
Hertz (Hz). The number of protons (n) for a given resonance is indicated
as nH, and is based on spectral integration values. ?C NMR chemical
shifts (0) are reported in ppm relative to a residual carbon peak of the
solvent: 0 =49.0 for CD;0D, ¢ =77 for CDCI; and 6 =40 for DMSO.

Mass spectrometry: High-resolution MS measurements were performed
on a JEOL AccuTOF instrument (ESI) with water or methanol as the
solvent.

High-performance liquid chromatography: HPLC was carried out on a
Shimadzu LC-20AT HPLC system equipped with a UV/Vis detector
SPD-10AV and a fraction collector. Columns were purchased from
Dr. Maisch GmbH. The purity of the compounds was tested by analytical
HPLC. A solution (20 pL) was injected into a ReproSil 100 C18 column
(3 pm; 150 mm x3mm), operating at 30°C. The detection wavelengths
were fixed at 254 and 215 nm. A gradient of H,O and acetonitrile both
containing 0.1 % v/v TFA was used as mobile phase, with a flow rate of
0.4 mLmin~'. The compounds were purified on a milligram scale by
means of semipreparative HPLC. A solution (2 mL) was injected into a
ReproSil 100 C8 column (5 um; 250 mm x 10 mm) operating at 30°C. The
detection wavelengths were fixed at 254 and 215 nm. A gradient of H,0O
and acetonitrile both containing 0.1 % v/v HCI was used as mobile phase,
with a flow rate of 4 mLmin~". In this case HCI was used to ensure that
the chloride was the only counterion of the isolated compounds. In all
cases the samples were prepared by dissolving the compound in H,O/ace-
tonitrile mixtures (95:5 or 1:1 v/v), and filtered on a nylon syringe filter
(0.2 pm).

X-ray crystallography: An [Ir(ppy),(2)]Cl single crystal was grown by
slow diffusion of diethyl ether into a solution of the pure compound in
chloroform. Single crystals of 2 and 3 were grown by slow evaporation of
a solution of the respective compound in diethyl ether/heptane. The crys-
tal data and summaries of the data collection and structure refinement
are given in Table S1, and selected distances and bond angles are in Ta-
bles S2-S4. The atomic coordinates and equivalent isotropic displacement
parameters for the non-hydrogen atoms are given in Tables S5-S7. All
measurements were performed at —65°C. The structures of 2 and 3 were
solved by the CRUNCH program.® All non-hydrogen atoms were re-
fined with anisotropic temperature factors. The hydrogen atoms were
placed at calculated positions, and refined isotropically in riding mode.

The structure of [Ir(ppy),(pytl-ada)]Cl ([Ir(ppy),(2)]Cl) was solved by
the PATTY option!®! of the DIRDIF program system.””! Despite the
presence of rather heavy atoms in this compound no reliable data could
be collected above 6§ =25°. However, the internal consistency of the data
is adequate (R;,=0.037). Almost all non-hydrogen atoms were refined
with anisotropic temperature factors. These hydrogen atoms were placed
at calculated positions, and refined isotropically in riding mode. Howev-
er, no hydrogen atoms could be found for the water molecule O1, proba-
bly because of the rather large anisotropic thermal displacement parame-
ters of O1. As a consequence, no possible hydrogen bonds could be de-
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termined. The assignment of carbon to atoms C33 and C45 and of nitro-
gen to atoms N22 and N34 is based on the refinement of the occupancy
factors for these atoms, the clear presence of hydrogen atoms near C33
and C45 in the difference Fourier map, and the absence of any such indi-
cations near N22 and N34. A few atoms, notably C14, C15, C16, and
C19, have rather pronounced anisotropic thermal displacement parame-
ters, indicating a slight positional disorder. Parameterization of this disor-
der proved impossible because it resulted in physically unacceptable
values.

CCDC MFLADA 699148 (2), MFLIGA 699149 (3) and FELIC1 699147
([Ir(ppy),(2)]Cl) 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.

Circular dichroism: Circular dichroism spectra were recorded on a
Jasco 810 spectropolarimeter equipped with a Jasco PTC-423S/L Peltier-
type temperature control unit, and were measured in MilliQ water at
20°C.

Emission: Steady-state emission spectra were recorded on a HORIBA
Jobin Yvon IBH FL-322 Fluorolog 3 spectrometer equipped with a
450 W xenon arc lamp, double-grating excitation and emission mono-
chromators (2.1 nmmm™" dispersion; 1200 grooves mm™'), and a TBX-4-
X single-photon-counting detector. Emission spectra were corrected for
source intensity (lamp and grating) and emission spectral response (de-
tector and grating) by standard correction curves. Luminescence quan-
tum yields (@,,,) were measured in optically dilute solutions (O.D.<0.1
at excitation wavelength), using [Ru(bpy);]Cl, in aerated H,O (@,,=
0.028) or diphenylanthracene in cyclohexane (@, =0.9) as reference.

Time-resolved measurements up to ~5 us were performed using the time-
correlated single-photon-counting (TCSPC) option on the Fluorolog 3.
Nano-LEDs (295 or 431 nm; FWHM <750 ps) with repetition rates be-
tween 10 kHz and 1 MHz were used to excite the sample. The excitation
sources were mounted directly on the sample chamber at 90°C of a
double-grating emission monochromator (2.1 nmmm~' dispersion;
1200 grooves mm ') and collected by a TBX-4-X single-photon-counting
detector. The photons collected at the detector are correlated by a time-
to-amplitude converter (TAC) to the excitation pulse. Signals were col-
lected using an IBH DataStation Hub photon-counting module and data
was analyzed by the commercially available DAS6 software (HORIBA
Jobin Yvon IBH). The goodness of fit was assessed by minimizing the re-
duced chi-squared function (%) and visual inspection of the weighted re-
siduals.

Nanosecond transient spectroscopy: For nanosecond transient absorption
spectra, a sample with optical density of around 0.8 at the excitation
wavelength (500 nm) was excited with a laser pulse from a master-oscilla-
tor power oscillator (MOPO) pumped by a Q-switched beam locked
Nd:YAG laser with a 10 ns pulse width and 10 Hz repetition rate. The ex-
cited-state absorption was probed by using a Xe flash lamp with the
same repetition rate. The pulse energy was 2 mJ pulse'. The signal was
recorded with a CCD camera as the detector. The excited-state spectra
were obtained from AA =log(1/10). The spectra were processed on an in-
house Lab View program.
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Brighter metal complexes: Ru and Ir

complexes (illustrated) were prepared
] from novel triazole-pyridine (pytl)

ligands obtained by “click chemistry.”
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