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Abstract: Six luminescent cyclometa-
lated iridium(mm)-dipyridoquinoxaline
and —dipyridophenazine complexes [Ir-
(ppy)(N-N)](PF,)  (Hppy=2-phenyl-
pyridine; N-N=dipyrido[3,2-f:2',3'-
h]quinoxaline, dpq (1); 2-n-butylamido-
dipyrido[3,2-f:2',3"-h]quinoxaline, dpqa
(2); 2-((2-biotinamido)ethyl)amidodi-
pyrido[3,2-f:2',3’-h]quinoxaline, dpqB
(3);  dipyrido[3,2-a:2',3'-c]phenazine,
dppz (4); benzo[i]dipyrido[3,2-a:2',3'-

amido)ethyl)amidodipyrido[3,2-a:2',3'-c]-
phenazine, dppzB (6)) have been de-
signed as luminescent intercalators for
DNA and probes for avidin. The struc-
ture of complex 4 has been studied by
X-ray crystallography. The photophysi-
cal and electrochemical properties of
the complexes have also been investi-
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gated. The binding of these complexes
to double-stranded calf thymus DNA
and synthetic double-stranded oligonu-
cleotides poly(dA)-poly(dT) and poly-
(dG)-poly(dC) has been investigated
by spectroscopic titrations. The interac-
tions between the two biotin-contain-
ing complexes and avidin have been
studied by 4'-hydroxyazobenzene-2-car-
boxylic acid (HABA) assays and emis-
sion titrations.

c|phenazine, dppn (5); 11-((2-biotin-

Introduction

Interactions between transition-metal complexes and nucleic
acid molecules continue to receive much attention.! In par-
ticular, complexes containing intercalating ligands such as
dipyrido[3,2-f:2,3'-h]quinoxaline (dpq) and dipyrido[3,2-
a:2'3'-c]phenazine (dppz) have been the focus of many stud-
ies.”'¥! Whilst transition-metal centers such as rutheni-
um(n), 234368010 ocninmm) Fe rhenium (1), 5% 10
rhodium (1), chromium (), cobalt(m),"? and nickel-
(" have been extensively studied, related probes derived
from iridium(ur) have been relatively unexplored.t1314 Ex-
amples include the redox-active complex [Ir(bpy)(phen)-
(phi)]** (bpy=2,2-bipyridine; phen=1,10-phenanthroline;
phi=9,10-phenanthrenequinonediimine) that has been em-
ployed to study electron transfer in DNA molecules.*! The
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DNA-binding properties of the organometallic iridium(1r)
complexes  [(n>-CsMes)Ir(Aa)(dppz)]"*  (Aa=(S)-amino
acids) have been studied by absorption titrations, NMR
spectroscopy, and gel electrophoresis.”*! Recently, an
iridium(mm)-dppz complex has also been included as a
member of a combinatorial library."¥ Despite these reports,
the design of DNA probes derived from luminescent
iridium(1r) complexes has not been investigated.

In view of the interesting photophysical and photochemi-
cal properties of luminescent iridium(i)—polypyridine com-
plexes!™>% and our recent interest in using these complexes
as biological labels and probes®” we anticipate that they
can be exploited as new luminescent intercalators for DNA
molecules and probes for proteins. We report here the syn-
thesis, photophysical, and electrochemical properties of six
luminescent cyclometalated iridium(i) complexes contain-
ing an extended planar diimine ligand, [Ir(ppy),(N-N)](PF)
(Hppy =2-phenylpyridine; N-N=dipyrido[3,2-f:2',3’-h]qui-
noxaline, dpq (1); 2-n-butylamidodipyrido[3,2-f:2’,3'-h]qui-
noxaline, dpqa (2); 2-((2-biotinamido)ethyl)amidodipyri-
do[3,2-f:2",3"-h]quinoxaline, dpgB (3); dipyrido[3,2-a:2",3'-
c]phenazine, dppz (4); benzo[i]dipyrido[3,2-a:2",3'-c]phena-
zine, dppn (5); 11-((2-biotinamido)ethyl)amidodipyrido[3,2-
a:2'3'-c]phenazine, dppzB (6)) (see below). The structure of
complex 4 has been studied by X-ray crystallography. The
binding of the complexes to double-stranded calf thymus
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DNA and synthetic double-stranded oligonucleotides poly-
(dA)-poly(dT) and poly(dG)-poly(dC) has been investigated
by spectroscopic titrations. The interactions between the
biotin-containing complexes and avidin have been studied
by 4'-hydroxyazobenzene-2-carboxylic acid (HABA) assays
and emission titrations.

Results and Discussion

Synthesis: The ligands dpq,” dpqa,*"! dppz,*? and dppn®?
were synthesized according to reported procedures. The
biotin-containing ligands dpqB and dppzB were prepared by
using two different approaches. The ligand dpgB was ob-
tained from the reaction of 2-((2-amino)ethyl)amidodipyri-
do[3,2-f:2",3"-h]quinoxaline (dpg-en) with biotinyl-N-hydrox-
ysuccinimidyl ester (biotin-NHS)®! in DMF at 60°C. The
ligand dppzB was obtained from the reaction of 1,1-carbon-
yldiimidazole (CDI)-activated dipyrido[3,2-a:2’,3'-c]phena-
zine-11-carboxylic acid (dppz-COOH)P#! with biotinylethyl-
enediamine (biotin-en)® in DMF at 80°C. Complexes 1-6
were synthesized from the reaction of [Ir,(ppy),CL]™" with
two equivalents of the corresponding diimine ligands in re-
fluxing MeOH/CH,CIl, under nitrogen for 4 h, followed by
metathesis with KPF,.1°2% The complexes were purified by
column chromatography and recrystallization from a
CH,Cl,/diethyl ether mixture, and isolated as air-stable
orange-to-yellow crystals in good yields. All the complexes
were characterized by 'H NMR spectroscopy, positive-ion
ESI-MS, IR spectroscopy, and gave satisfactory microanaly-
ses. The amide moieties of complexes 2, 3, and 6 were char-
acterized by intense IR absorption bands at approximately
3268-3498 and 1653-1694 cm™.
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X-ray crystal structure determination of complex 4: The per-
spective drawings of the two independent complex cations
of complex 4 are depicted in Figure 1. Selected bond lengths
and angles are listed in Table 1. The iridium(1m) centers of
both cations adopted distorted octahedral geometry. The
trans angles at the iridium centers ranged from 171.7(9) to
174.5(10)°. In a similar manner to the related iridium(1m)
complexes,!'6°=243041 5 cjs arrangement was observed for
the metal-carbon bonds around the iridium(mi) centers. The
Ir-N bond lengths of the dppz ligands (approximately
2.132(18)-2.19(2) A) were slightly longer than those of the
ppy~ ligands (approximately 2.05(2)-2.14(2) A), due to the
trans-influence of the carbon donors. Interestingly, the dppz
ligands from two neighboring cations revealed m-stacking in-
teractions with an interplanar separation of about 2.96 A.
The participation of extended planar ligands in m-stacking
has also been observed in other dppz and dppn com-
plexes.[6*%13]

Electronic absorption and emission properties: The elec-
tronic absorption spectral data of complexes 1-6 are listed
in Table 2. The electronic absorption spectra of complexes 4
and 5 in CH;CN are shown in Figure 2. All the complexes
showed intense intraligand ('IL) (m—m* (diimine and
ppy~)) absorption bands at approximately 243-329 nm (e of
the order of 10*dm’mol 'cm™). The complexes also dis-
played less intense absorption shoulders at around 334-
497 nm, attributable to spin-allowed metal-to-ligand charge-
transfer ("MLCT) (dn(Ir)—n* (diimine and ppy~)) transi-
tions’[lSa{,l&,18,20d,24a‘25,26a,28a‘29‘30a,c—g] HOWeVer, fOr COmpleXeS
4-6, the involvement of 'IL (m—m* (diimine)) character in
these absorption features cannot be excluded since the free
ligands dppz and dppn also absorb in a similar region.”-%*°]
In addition, all the complexes exhibited weak absorption
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Figure 1. Perspective drawings of the two independent complex cations
of complex 4. The thermal ellipsoids are set at a 20% probability level.

Table 1. Selected bond lengths [A] and angles [°] for the two independ-
ent complex cations of complex 4.

Irl-N1 2.132(18) Ir2-N7 2.19(2)
Ir1-N2 2.18(2) Ir2-N8 2.169(19)
Ir1-N5 2.10(2) Ir2-N11 2.05(2)
Ir1-N6 2.09(2) Ir2-N12 2.14(2)
Ir1-C25 2.06(3) r2-C65 2.05(3)
Ir1-C36 2.08(3) Ir2-C76 2.10(3)
N1-Ir1-N2 75.7(8) N7-Ir2-N8 77.4(8)
N1-Ir1-N5 95.8(8) N7-Ir2-N12 89.0(8)
N1-Ir1-N6 89.0(8) N7-Ir2-N11 95.9(9)
N1-Ir1-C25 174.4(10) N7-Ir2-C65 174.5(10)
N1-Ir1-C36 96.8(9) N7-Ir2-C76 97.1(9)
N2-Ir1-N5 89.1(9) N8-Ir2-N11 91.0(8)
N2-Ir1-N6 97.1(9) N8-Ir2-N12 95.7(8)
N2-Ir1-C25 99.8(10) N8-Ir2-C65 97.5(9)
N2-Ir1-C36 172.3(9) N8-Ir2-C76 171.7(9)
N5-Ir1-N6 172.9(9) N11-Ir2-N12 172.4(9)
N5-Ir1-C25 80.8(12) N11-Ir2-C65 82.2(11)
N5-Ir1-C36 93.5(11) N11-Ir2-C76 95.8(10)
N6-Ir1-C25 94.8(12) N12-r2-C65 93.4(10)
N6-Ir1-C36 80.8(11) N12-Ir2-C76 77.9(10)
C25-Ir1-C36 87.8(11) C65-1r2-C76 88.2(10)

Table 2. Electronic absorption spectral data for complexes 1-6 at 298 K.
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Figure 2. Electronic absorption spectra of complexes 4 (—) and 5 (-----)
in CH;CN at 298 K.

tails towards the lower energy region (at about 502-
550 nm), that are tentatively assigned to spin-forbidden
MLCT  (dn(Ir)—m*  (diimine and ppy’)) transi-
tions [153-¢.16.18,20d,24a,25,26a,28a,29,30a.c-¢]

Upon photoexcitation, complexes 1-6 displayed long-lived
green-to-orange luminescence under ambient conditions and
in alcohol glass at 77 K. The emission data are summarized
in Table 3. The emission spectra of the dppz complex 4 and
the dppzB complex 6 in fluid solutions at 298 K and in
EtOH/MeOH glass at 77 K are shown in Figures 3 and 4, re-
spectively. The emission of complexes 1-5 in fluid solutions
is assigned to an *MLCT (dm(Ir)—m* (diimine)) excited
State.[lS,16h,e,182\,19b,20a‘b‘d,24a,25a‘b,26a4,28a‘29b‘30a,cff] The assignment Of
a charge-transfer excited state is supported by the shorter
emission lifetimes and lower emission quantum yields of the
complexes in more polar solvents such as CH;CN and
MeOH than in the less polar CH,CI, solvent (Table 3).
These observations are common to other iridium (i) MLCT
emitters.[15:160:18.190.200.0d.240.3021] Among complexes 1-3, it is
interesting to note that the decrease of the emission quan-
tum yield on going from CH,Cl, to MeOH was much more
significant for the amido complexes 2 and 3 compared with
the dpg complex 1 (Table 3). In aqueous buffer, complex 1
emitted very weakly whereas complexes 2 and 3 were non-
emissive. It is likely that the reduced quantum yields of
complexes 2 and 3 are due to the possible hydrogen-bonding

Complex Medium Aabs [NM] (£ax [dM*mol ™' cm™'])
1 CH,CI, 258 (78070), 295 sh (34005), 337 sh (11015), 358 sh (8365), 382 (8165), 420 (2980), 467 sh (925)
MeOH 257 (74365), 293 sh (31555), 335 sh (10650), 355 sh (8230), 375 (7320), 414 sh (3170), 467 sh (850)
2 CH,Cl, 254 sh (64000), 262 (75865), 296 sh (34535), 363 sh (8840), 385 sh (7790), 467 sh (895)
MeOH 252 sh (56385), 261 (67595), 207 sh (31130), 360 sh (8635), 383 sh (6915), 465 sh (830)
3 CH,Cl, 255 sh (74265), 262 (83835), 208 sh (37435), 361 sh (10095), 383 sh (8810), 411 sh (4365), 468 sh (1035)
MeOH 253 sh (64675), 261 (73725), 299 sh (33650), 361 sh (9635), 381 sh (8025), 468 sh (950)
4 CH,Cl, 254 sh (80320), 269 sh (74900), 280 (82990), 366 (16985), 389 (16320), 467 sh (1195), 497 sh (850)
CH,CN 275 (64890), 334 sh (13810), 364 (12680), 385 (12660), 468 sh (850)
5 CH,Cl, 245 sh (59935), 260 (72100), 313 sh (58465), 329 (82515), 379 sh (14350), 401 (14850), 424 (14720), 470 sh (3645)
CH,CN 243 sh (60315), 257 (67190), 307 sh (66155), 321 (85445), 375 sh (11905), 397 (13565), 419 (14205), 465 sh (3230)
6 CH,Cl, 252 sh (53755), 269 sh (71085), 282 (82540), 338 sh (18940), 372 (18450), 393 (16560), 466 sh (1255), 502 sh (810)
CH,CN 250 sh (54195), 268 sh (77855), 277 (87360), 336 sh (18810), 369 (18220), 388 (17140), 467 sh (1230)
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Figure 3. Emission spectra of complex 4 in CH,Cl, at 298 K (—) and
EtOH/MeOH 4:1 at 77 K (-----).

interactions between the amide groups of the diimine li-
gands and protic solvent molecules.’¥) Among the dppz and
dppn complexes 4-6, we found that complexes 4 and 6 also
showed solvent-dependent emission quantum yields
(Table 3). Both of these complexes did not emit in aqueous
solution. Hydrogen-bonding interactions between the phen-
azine nitrogen atoms of both complexes (and the amide
moiety of complex 6) and water molecules may also
exist.*<¢l However, the dppn complex 5 did not display
similar solvent-dependent emission but exhibited very simi-
lar emission lifetimes and quantum yields in different sol-
vents. It is probable that the excited state of this complex
has substantial *IL (m—m* (dppn)) character. Unlike com-
plexes 1-5, dppzB complex 6 displayed dual emission in
fluid solutions at room temperature. Every effort was made
to check the purity of the sample to ensure that the emission
was not due to the presence of impurities. The purity of the
samples has been confirmed by the characterization data, el-
emental analysis, and HPLC analysis. Specifically, the emis-
sion spectrum of complex 6 in CH,Cl, displayed two bands
at 510 and 654 (sh) nm (Figure 4). Excitation spectra moni-
tored at these two emission wavelengths were similar, with
broad bands at around 340 and 410 nm; this indicates that
both emission bands are from the same species. The higher-
energy emission band at approximately 510 nm is tentatively
assigned to an excited state of *IL (x—m* (dppzB)) charac-
ter in view of its longer emission lifetime (7,=0.71 ps) and
structural features. The lower-energy emission shoulder was
of a shorter lifetime (7,=0.13 pus) and appeared at about
654 nm, and is lower in energy compared with the emission
band of the dppz complex 4 (around 603 nm) under similar
conditions. It is likely that this emission is derived from an
excited state of *MLCT (dm(Ir)—n* (dppzB)) character.
The occurrence of this band at lower energy than that of the
dppz complex 4 is due to the presence of the electron-with-
drawing amide group in the dppzB ligand. Similar dual lumi-
nescence was observed in other solvents such as MeOH and
CH,CN (Figure 4). The °IL emission occurred at 490-
556 nm (r,=1.71-1.40 ps) and the *MLCT emission at 612
650 nm (sh) (7,=0.83-0.36 ps).

Chem. Eur. J. 2006, 12, 1500-1512
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Table 3. Photophysical data for complexes 1-6.

Complex Medium A [nmM] T [1s] D
(TIK])
1 CH,Cl, 590 0.67 0.24
(298)
CH,;CN 601 0.34 0.11
(298)
MeOH 603 0.18 0.064
(298)
glass (77) 528, 561 sh 472
2 CH,CL, 599 0.48 0.17
(298)
CH;CN 608 0.13 0.034
(298)
MeOH 598 1.46 (8%), 0.0009
(298) 0.14 (92%)
glass” (77) 532, 566 sh 3.86
3 CH,CL, 597 0.43 0.13
(298)
CH;CN 606 0.09 0.019
(298)
MeOH 596 1.13 (7%), 0.0006
(298) 0.15 (93%)
glass® (77) 529, 565 sh 3.93
4 CH,(Cl, 603 0.56 0.072
(298)
CH;CN 630 0.077 0.0023
(298)
MeOH 600 0.38 <10
(298)
glass” (77) 544 (max), 563 sh, 1224
589, 643 sh
5 CH,(Cl, 585 0.58 0.0016
(298)
CH;CN 588 0.36 0.0012
(298)
MeOH 583 0.42 0.0016
(298)
glass®! (77) 535 445
6 CH,(Cl, 510, 535 sh 0.71 0.019
(298)
654 sh 0.13
CH;CN 492 sh, 520 1.40 0.0064
(298)
612 sh 0.83
MeOH 490, 530, 556 (max) 1.71 0.0010
(298)
650 sh 0.36
glassi®! (77) 547 (max), 591, 644 1040
sh

[a] EtOH/MeOH 4:1.

Upon cooling to low temperature, most of the complexes
displayed a significant blue shift in the emission maxima
(Table 3). The blue shifts indicate that *MLCT (dx(Ir)—m*
(diimine)) character exists in the excited states of these
complexes at low temperature. The emission spectra of the
dppz complex 4 and dppzB complex 6 in alcohol glass
showed rich vibronic features with progressional spacings of
about 1362-1426 cm™!' (Figures 3 and 4), and their emission
lifetimes approached 1 ms. These observations suggest that
the emissive state of these complexes at low temperature
possessed predominant ’IL (x—m* (dppz or dppzB)) char-
acter. Similar vibronically structured emission has also been
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observed for related rheni-

Table 4. Electrochemical data for complexes 1-6.!

Oxidation E:, or E,[V]

Reduction E, or E.[V]

um(1)-dppz complexes in alco-  Complex

hol glass at 77 K.[:822:10] 1 +126
2 +1.27

Electrochemical properties: 3 +1.26

The electrochemical properties : I}'is[b]

of complexes 1-6 have been +1:27[h]

—1.26, —1.72,1 —2.05,c1 —2.46,11 2,67
—1.10, —1.54, —2.08,11 —2.26,1 2,70
—1.08, —1.55,11 —2.26°

—0.98, —1.50, —1.68, —2.13!

—0.76, —1.20," —1.65, —2.101

—0.85, —1.34, —1.75,11 —2 39l

studied by cyclic voltammetry.
The electrochemical data are
collected in Table 4. The cyclic
voltammograms of all the com-
plexes showed a reversible/
quasi-reversible oxidation couple at about +1.26 V versus
SCE, that is assigned to metal-centered Ir™/Ir'™ oxida-
tion.[lSa,b,16b4d‘c,2()a,24b,25b,28a,30a‘c—g] 'rhe COmpleXeS eXhlblted the
first and second reduction couples at around —0.76 to
—126 V and —1.20 to —1.72'V versus SCE, respectively
(Table 4). With reference to previous studies,!>-16ab.de
18.202.242.6.20.260.30a-¢] thege couples are assigned to the reduc-
tion of the diimine ligands. This assignment is substantiated
by the fact that the first two reduction couples of the amido
dpq complexes 2 and 3 (= —1.1 and —1.5 V) occurred at less
negative potentials than those of the dpq complex 1 (—1.26
and —1.72 V). These observations are attributed to the elec-
tron-withdrawing properties of the amide group of the li-
gands dpqa and dpgB. In addition, the first two reduction
couples of the dppn complex 5 (—0.76 and —1.20 V) occur-
red at less negative potentials than those of the dppz com-
plex 4 (—0.98 and —1.50 V) owing to the more conjugated
dppn ligand of the former complex. The first two reduction
couples of the dppzB complex 6 (—0.85 and —1.34 V) also
occurred at less negative potentials than those of the dppz
complex 4 because of the presence of the electron-withdraw-
ing amide group in the dppzB ligand. All the complexes un-
derwent reductions at more negative potentials that are as-

signed to the reduction of the diimine and cyclometalating
ligands [15a,b,16a,b,d,e, 18,20a,24a,b,25b,26a,30a,c-g]

Normalized emission intensity

M L
700 750 800

¥ 1 L 1
450 500 550 600 650

Wavelength / nm

Figure 4. Emission spectra of complex 6 in CH,CI, (
(-----) at 298 K, and EtOH/MeOH 4:1 at 77 K (s++++).

) and CH;CN
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[a] In CH;CN (0.1 moldm~ TBAP) at 298 K, glassy carbon electrode, sweep rate 0.1 Vs~', all potentials
versus SCE. [b] Quasi-reversible couple. [c] Irreversible wave.

DNA-binding studies

Electronic absorption titrations: The interactions of com-
plexes 1-6 with double-stranded calf thymus DNA have
been investigated by electronic absorption titrations. Com-
plexes 1-3 and 6 did not show any changes in their absorp-
tion spectra in the presence of double-stranded DNA. How-
ever, the absorption bands of the dppz complex 4 at approx-
imately 366 and 386 nm, and the dppn complex 5 at around
322, 397, and 419 nm exhibited hypochromism and batho-
chromic shifts upon addition of double-stranded calf thymus
DNA. The electronic absorption spectra of the dppn com-
plex § in the absence and presence of double-stranded calf
thymus DNA are shown in Figure 5. These results indicate

Absorbance

0.0L— : : :
300 350 400 450 500 550 600
Wavelength / nm
Figure 5. Electronic absorption spectra of complex 5 (12 pm) in a mixture
of Tris-Cl buffer (50 mm, pH 7.4) and methanol (7:3) in the absence

(—) and presence (-----) of double-stranded calf thymus DNA
(671 pm).

that these complexes bind to the double-stranded DNA
molecules, probably through a non-covalent intercalative
binding mode.®! Similar spectral changes have been ob-
served in other transition-metal dppz and dppn com-
plexes.l#-e5-6.7-13]

The data obtained from the absorption titration experi-
ments have been fitted by using Equations (1) and (2) devel-
oped by Bard®”! and Thorp!®* to estimate the intrinsic bind-

Chem. Eur. J. 2006, 12, 1500—1512
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ing constants (K) and binding site sizes (s) for complexes 4
and 5:

her/b2— 2K2c[[DNA])
(e.—¢1) ( g (1)

(&n—er) - 2Kc

K[DNA]

o (2)

b =1+ K¢, +

where ¢, is the extinction coefficient observed for the ab-
sorption band at a DNA concentration [DNA]; ¢, is the ex-
tinction coefficient of the fully bound species; ¢; is the ex-
tinction coefficient of free complex and ¢, is the total con-
centration of the metal complex. The plot of (e,—&)/(e,—¢&)
against [DNA] for the dppn complex 5 is shown in Figure 6.

0.8}

06

(ere)ge)

04

0.2

00 1 1 1 L 1 1 1
0.0 01 0.2 03 04 0.5 06 0.7

[DNA] x 10°/ mol dm™®

Figure 6. Plot of (e,—¢;)/(e,—¢;) against [DNA] for the binding of complex
5 (12 pum) to double-stranded calf thymus DNA. The experimental data at
Aas =322 nm were fitted by using Equations (1) and (2).

The intrinsic binding constants were determined to be 2.0 x
10* (s=1.3) and 7.8x10*m™! (s=1.4) for the binding of the
dppz complex 4 and dppn complex S to double-stranded calf
thymus DNA, respectively (Table 5). The binding constants
of the complexes are smaller than those observed for [(n’-
CsMes)Ir(N-acetyl-L-cysteine)(dppz)]* (K =8.8x10*m )13
and [fac-Re(dppz)(CO);(4-MePy)]* (4-MePy=4-methylpyr-
idine) (K=6.0x10°m™"),” which could be due to the higher

FULL PAPER

MeOH content of the titration buffer in the current work.
The constants are also smaller than the binding constant of
[Ru(bpy),(dppz)** (K=4.0x10°m1).® Thus, the diminish-
ed binding strength can also be due to the lower cationic
charge of the current iridium(ur) complexes. The binding
constant of the dppn complex 5 is larger than that of the
dppz complex 4. It is likely that the enhanced binding affini-
ty is due to the larger planar surface area of the dppn
ligand. Similar observations have been reported for related
rhenium(1)-dppz and —dppn complexes.”1”

Emission titrations: The DNA-binding properties of all the
iridium(1) complexes have been studied by emission titra-
tions. Of the six complexes, the biotin-free complexes 1, 2,
4, and 5 displayed emission enhancement in the presence of
double-stranded calf thymus DNA. The emission intensity
of the dpq complex 1 at about 591 nm was enhanced by ap-
proximately 33-fold (Figure 7). Both the dpga complex 2

Emission intensity / au
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Figure 7. Emission spectra of complex 1 (137 um) in a mixture of Tris-Cl

buffer (50 mM, pH 7.4) and methanol (7:3) in the absence (-----) and
presence (—) of double-stranded calf thymus DNA (744 um).

and the dppz complex 4 did not emit in aqueous buffer solu-
tion. However, upon addition of double-stranded DNA, new
emission bands were observed at around 602 and 606 nm for
these two complexes, respectively (Figures8 and 9). The
emission intensities of the new emission bands were approx-

Table 5. DNA-binding parameters for complexes 1-6 in a mixture of Tris-Cl buffer (50 mm, pH 7.4) and methanol (7:3) at 298 K.1*/

Complex Intrinsic binding constant, K [M '] (binding site size, s)
absorption titrations emission titrations
calf thymus DNA poly(dA)-poly(dT) poly(dG)-poly(dC) calf thymus DNA poly(dA)-poly(dT) poly(dG)-poly(dC)

1 (0] (vl (v] 1.2x10* (1.6) 1.9x10* (0.7) 3.0x10* (0.6)

2 (b} (vl (v} 1.1x10* (1.5) 1.1x10* (0.7) lel

3 [b] [b] [b] [b] [b] [b]

4 2.0x10* (1.3) 2.3x10% (1.7) 1.0x10* (1.1) 2.4x10* (1.6) 3.0x10* (1.9) 1.5x10* (1.3)

5 7.8x10% (1.4) 7.6x10" (1.2) 5.0x10* (1.0) fel tel lel

6 [b] [b] [b] [b] [b] [b]

[a] The trifluoromethanesulfonate salts of complexes 4 and 5 were used for the absorption and emission titration experiments due to their higher solubili-
ties. [b] No observable changes. [c] The binding parameters could not be accurately determined due to the low increase in emission intensity and unsatis-
factory fits.
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Figure 8. Emission spectra of complex 2 (124 um) in a mixture of Tris-Cl

buffer (50 mm, pH 7.4) and methanol (7:3) in the absence (-----) and
presence (—) of double-stranded calf thymus DNA (114 pm).

Emission intensity / au
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Figure 9. Emission spectra of complex 4 (85 um) in a mixture of Tris-Cl
buffer (50 mm, pH 7.4) and methanol (7:3) in the absence (-----) and
presence (—) of double-stranded calf thymus DNA (238 um).

imately 40- and 12-times that of the background in the ab-
sence of DNA. The emission enhancement is ascribed to the
intercalation of the complexes to the base-pairs of the
double-stranded DNA molecules. In general, intercalation
results in: i) the protection of the diimine ligands from inter-
acting with the water molecules; ii) a more hydrophobic en-
vironment; iii) a higher rigidity of the local surroundings of
the complexes. All these factors would lead to enhanced
emission intensity. The emission titration curve for the dpqa
complex 2 with calf thymus DNA is displayed in Figure 10.
The data from the emission titrations were fitted by using
Equations (1) and (2) to determine the binding parameters.
Fitting of the titration data for the dpq complex 1, dpqa
complex 2, and dppz complex 4 gave intrinsic binding con-
stants of 1.2x10* (s=1.6), 1.1x10* (s=1.5) and 2.4x10* M~}
(s=1.6), respectively (Table5). The binding constants for
the dpq complex 1 and dpqa complex 2 are smaller than
those observed for [Ru(bpy),(dpq)]** (K=5.9x10*M™") and
[Ru(bpy),(dpqC)]**  (dpqC =dipyrido[3,2-a:2’,3'-c](6,7,8.,9-
tetrahydro)phenazine) (K=8.5x10*m ).l Again, the di-
minished binding affinity is attributed to the higher MeOH
content of the titration buffer and the lower cationic charge
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Figure 10. Emission titration curve for the titrations of complex 2
(124 um) with double-stranded calf thymus DNA. The emission intensity
of complex 2 was monitored at 602 nm.

of the complexes. The binding constant for the dppz com-
plex 4 is similar to that obtained by absorption titrations
(Table 5), which is approximately two orders of magnitude
smaller than the K values of other dppz complexes such as
[Ru(bpy),(dppz)** (K=4.0x10°m"").”] The DNA-induced
emission enhancement of the dppn complex 5 was relatively
small (<four-fold approximately) and no satisfactory fits
could be obtained from the emission data. Similarly small
emission enhancement has also been observed for [Ru-
(phen),(dppn)]** and it was ascribed to the insensitivity of
the luminescence of this complex to its local environment.™!
The small increase of emission intensity of complex 5 is also
in line with our findings that the luminescence quantum
yields of this complex were not very sensitive to the solvent
polarity (Table 3). Nevertheless, the intercalative binding of
complex 5 to double-stranded DNA is justified by the ob-
served changes in absorption titrations (Figure 5).

Although the photophysical properties of the biotin com-
plexes 3 and 6 were very similar to those of their dpq and
dppz counterparts (complexes 1 and 4), respectively, their
spectra did not show any changes in the DNA titration ex-
periments. These observations are probably a result of the
steric bulk of the biotin moiety that prevents the complexes
from intercalating into the double-stranded DNA molecules.

Synthetic DNA-binding studies

Electronic absorption titrations: To examine the possible
DNA-sequence selectivity of the intercalating complexes,
absorption titration experiments using the synthetic double-
stranded oligonucleotides poly(dA)-poly(dT) and poly-
(dG)+poly(dC) have been performed. Similar to the case of
calf thymus DNA, the low-energy absorption bands of the
dppz complex 4 and dppn complex 5 exhibited hypochrom-
ism and bathochromic shifts upon addition of the synthetic
double-stranded oligonucleotides. The binding affinities of
the dppz complex 4 to poly(dA)-poly(dT) and poly(dG)-po-
ly(dC) were determined to be 2.3x10*m™! (s=1.7) and 1.0x
10*m~! (s=1.1), respectively (Table 5). The binding parame-
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ters of the dppn complex 5 to poly(dA)-poly(dT) (K=7.6x
10*M7!, s=1.2) and poly(dG)-poly(dC) (K=5.0x10*m"}, s=
1.0) have also been determined (Table 5). The binding affin-
ities of these two complexes to calf thymus DNA (GC con-
tent=42%)P are comparable to those to poly(dA)-po-
ly(dT) but higher than those to poly(dG)-poly(dC)
(Table 5). Similar selective binding has been observed for
related osmium(11) complexes.*!

Emission titrations: The emission intensity of the dpq com-
plex 1 was enhanced by approximately 38- and 30-fold upon
addition of poly(dA)-poly(dT) and poly(dG)-poly(dC), re-
spectively. Fitting of the titration data gave intrinsic binding
constants of 1.9x10* (s=0.7) and 3.0x10*mM" (s=0.6) for
poly(dA)-poly(dT) and poly(dG)-poly(dC), respectively
(Table 5). Interestingly, these values reveal that complex 1
binds to poly(dG)-poly(dC) with a slightly higher affinity.
Such binding preference has been reported for a ruthen-
ium(1)—dppz complex [Ru(tpm)(py)(dppz)]** (tpm = tris-(1-
pyrazolyl)methane; py=pyridine), the binding constant of
which for poly(dG)-poly(dC) is an order of magnitude
larger than that for poly(dA)-poly(dT).®" For the dpga com-
plex 2, the emission intensity was increased by approximate-
ly 46-fold in the presence of poly(dA)-poly(dT). The binding
constant and site size determined from Equations (1) and
(2) were 1.1x10*M~! and 0.7, respectively, and are similar to
those for calf thymus DNA (Table 5). Unfortunately, only
small emission enhancement (<five-fold approximately)
was observed when poly(dG)-poly(dC) was used and no sat-
isfactory fits were obtained. The binding parameters could
not be determined from the emission titration data with ac-
curacy.

The emission intensity of the dppz complex 4 was en-
hanced by about 17-fold upon addition of poly(dA)-po-
ly(dT). The emission enhancement induced by poly(dG)-po-
ly(dC) was slightly smaller (approximately 14-fold). The
binding affinities for complex 4 to poly(dA)-poly(dT) (K=
3.0x10*M™* and s=1.9) and poly(dG)-poly(dC) (K=1.5x
10*°M~! and s=1.3) are also in agreement to those deter-
mined from absorption titrations (Table 5). The higher bind-
ing affinity to poly(dA)-poly(dT) than poly(dG)-poly(dC) is
also similar to the results obtained in absorption titrations.
The dppn complex 5, again, showed only small emission en-
hancement (<two-fold approximately) upon addition of
synthetic DNA, which is ascribed to the insensitivity of the
emission of this complex to its surroundings.

Avidin-binding studies

The avidin-biotin system has been widely used in various
bioanalytical applications owing to the extremely strong
binding affinity of biotin to avidin (first dissociation con-
stant, Ky=~10""m)."**!l Recently, we have reported the
use of transition-metal biotin complexes as luminescent
probes for avidin.'>**¢% Emission increase and lifetime
elongation are both observed when the complexes bind to
the hydrophobic binding sites of avidin. We anticipated that
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by attaching a biotin moiety to iridium(ur)-dpq and —dppz
complexes, specific and sensitive luminescent probes for
avidin could be obtained. In view of this, the dpgB complex
3 and dppzB complex 6, both containing a biotin moiety,
have been designed. The avidin-binding properties of the
complexes have been studied by using HABA assays and
emission titrations.

HABA assays: The assays are based on the competition be-
tween biotin and HABA on binding to the substrate-binding
sites of avidin. The binding of HABA to avidin is associated
with an absorption feature at approximately 500 nm. Since
the binding of HABA to avidin (first dissociation constant,
K;=6x10"°m) is much weaker than that of biotin (K ;=
~107°M), addition of biotin replaces the bound HABA
molecules, leading to a decrease of the absorbance at
500 nm. Addition of complex 3 or 6 to a mixture of HABA
and avidin decreased the absorbance at 500 nm; this indi-
cates the displacement of HABA from the avidin molecules.
Nonspecific displacement of HABA from the biotin-binding
site was excluded since no absorption change was observed
when complex 1, 2, 4, or 5 was added. The plots of
—AAsynm against [Ir]:[avidin] for complexes 3 and 6 showed
that the equivalence points occurred at [Ir]:[avidin] ~4.3
and 5.4, respectively. These values are larger than those of
other iridium-biotin complexes in our previous studies.**#!
These results show that the binding of complexes 3 and 6 to
avidin is not substantially stronger than that of HABA.

Avidin emission titrations: Both the dpgB complex 3 and
dppzB complex 6 were non-emissive in aqueous buffer.
However, addition of avidin to complex 3 or 6 in a mixture
of potassium phosphate buffer (50 mm, pH 7.4) and MeOH
(9:1) led to the appearance of a new emission band with a
maximum at 490 nm and a shoulder at around 520 nm. The
emission spectra of complex 3 in the absence and presence
of avidin are displayed in Figure 11. At a ratio of [Ir]:
[avidin] =4, the emission intensities of complexes 3 and 6 at
490 nm were increased by approximately 31- and 8-fold, re-

Emission intensity / au
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Figure 11. Emission spectra of complex 3 (22 pM) in a mixture of potassi-
um phosphate buffer (50 mm, pH 7.4) and methanol (9:1) in the absence
(-----) and presence (—) of avidin (5.5 pm).
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spectively. The emission enhancement is attributed to the
specific binding of the biotin moiety of complexes 3 and 6 to
avidin since such emission enhancement was not observed
for the biotin-free complexes 1, 2, 4, and 5 or when avidin
pre-blocked with biotin was added to complexes 3 and 6. In-
terestingly, the emission band of the adduct 3,-avidin occur-
red at much higher energy compared with the free complex
in organic solvents (about 596-606 nm) (Table 3) and the
DNA-adducts of the dpq complex 1 and dpqa complex 2
(around 591 and 602 nm, respectively) (Figures 7 and 8). Al-
though avidin-induced emission enhancement of lumines-
cent transition-metal biotin complexes has been observed,
the emission energy did not change significantly.[!*30&%
The appearance of a new emission band for this iridium(1r)—
biotin complex at higher energy could be partly due to the
hydrophobic biotin-binding site of the protein because many
cyclometalated iridium(m)—diimine complexes possess solva-
tochromic behavior.['>102-6:¢1819.20.24a0.30a¢-1 However, com-
plex 3 did not show very different emission wavelengths in
different solvents (Table 3), and such a large difference in
emission energy (approximately 3755 cm™') compared to the
DNA adduct of the dpga complex 2, which has the same lu-
minophore, cannot be solely due to hydrophobic effects.
The occurrence of this high-energy emission band cannot be
fully ascribed to rigidochromic effects either. The reason is
that the emission maximum of the complex 3 in rigid glass
occurred at 529 nm (Table 3), that is still of significantly
lower energy compared to that of the emission maximum of
3,-avidin in buffer solution (490 nm). Thus, the most proba-
ble reason for the blue-shift is that the emission of this
adduct originates from a state of higher energy than the
MLCT state, that is likely to be a state of predominant *IL
(m—mn*(dpgB)) character. This assignment is supported by
the long emission lifetime (about 2.20 ps) and the vibronic
features of the emission band, that showed a spacing of
1177 cm™. In addition, the uncoordinated dpqB ligand dis-
played vibronic emission at A,,,~480 nm in alcohol glass
(progressional spacings of approximately 1378 cm™!). The
reason for the switching of excited-state nature from suppos-
edly *MLCT (dn(Ir)—x*(dppzB)) to ’IL (n—m*(dppzB)) is
unknown at this stage. However, these findings could be
unique to cyclometalated iridium(m)-polypyridine com-
plexes because the *IL/MLCT emission of these complexes
responds very sensitively to subtle changes of the identity of
the cyclometalating and polypyridine ligands as well as their
local environments.

Emission titration studies showed that the adduct 6,-
avidin showed a structured emission band at around 490 nm
(a spacing of 1177 cm™") with a lifetime of 1.78 ps. We tenta-
tively assign this band to an excited state of *IL (m—m*
(dppzB)) character. The assignment is supported by the ob-
servation of the *IL emission of complex 6 at similar energy
in organic solvents (Table 3).

Determination of k,,, k., and K,: The first dissociation con-
stants K, of complexes 3 and 6 were determined from the
on- and off-rate constants of the iridium-avidin adducts
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from kinetics experiments.*”) The K, of complexes 3 and 6
were determined to be 2.0x 1077 and 8.2 x 107", respective-
ly (Table 6). The K, values of the complexes are approxi-

Table 6. On- and off-rate constants for complexes 3 and 6 and first disso-
ciation constants for the iridium(mm)-avidin adducts in potassium phos-
phate buffer (50 mm, pH 7.4) at 298 K.

Complex kon[M'min~"] Ko [min~'] Kq[M]
3 1.1x10* 22x1073 2.0x1077
6 6.7x10° 5.5x1073 82x1077

mately 8-9 orders of magnitude larger than that of native
biotin (K; = ~107"m)** and 1-3 orders of magnitude
larger than those of other iridium-biotin complexes in our
previous studies.’™¢ This indicates that the binding of the
current iridium(m)-biotin complexes to avidin is hindered
by the extended planar moieties of the dpgB and dppzB li-
gands. The larger dissociation constants of these iridium(1r)-
biotin complexes are also a consequence of the relatively
short spacer-arms between the iridium(i) complex and the
biotin moiety.

Conclusion

A new class of luminescent iridium complexes containing
different extended planar ligands has been synthesized. The
DNA-binding properties of the complexes have been inves-
tigated by absporption and emission titrations. The results
suggested that the dpq, dpqa, dppz, and dppn complexes
bind to the double-stranded DNA through an intercalative
binding mode. The avidin-binding properties of the biotin-
containing complexes have also been investigated by HABA
and emission titrations. Remarkably, unlike the DNA-ad-
ducts of related complexes, upon binding to avidin, these
biotin complexes emitted from an intraligand triplet excited
state. These interesting findings could be useful in the
design of biomolecule-specific luminescent probes.

Experimental Section

General comments and instrumentation: All solvents were of analytical
reagent grade and purified according to standard procedures.*! All
buffer components were of biological grade and used as received.
IrCl;:3H,0 (Aldrich), Hppy (Aldrich), 2,3-diaminonaphthalene (Acros),
CDI (Acros), biotin (Acros), and KPF, (Acros) were used without purifi-
cation. 1,2-Diaminobenzene (Acros) was purified by sublimation. Ethyle-
nediamine (Sigma) and n-butylamine (Aldrich) were purified by distilla-
tion. 2-(Methoxycarbonyl)dipyrido[3,2-f:2',3"-h]quinoxaline,*"  biotin-
NHS,®  dppz-COOH,™ biotin-en,™ dpq,* dpqa,*" dppz.l? and
dppn”? were synthesized according to literature procedures. Tetra-n-bu-
tylammonium hexafluorophosphate (TBAP) was obtained from Aldrich
and was recrystallized from hot EtOH and dried in vacuo at 110°C
before being used. Double-stranded calf thymus DNA was obtained from
Calbiochem and purified by phenol extraction as described./*”! Synthetic
double-stranded oligonucleotides poly(dA)-poly(dT) and poly(dG)-po-
ly(dC) (Amersham Biosciences) were used as received. The DNA con-
centration per base-pair was determined from absorption spectroscopy
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using the following extinction coefficients (dm’mol™" cm™) at the indicat-
ed wavelengths: calf thymus DNA, &, =060600; poly(dA)-poly(dT),
£360nm=0000; and poly(dG)-poly(dC), &3 mm="7400.! The instrumenta-
tion for physical measurements has been described previously.**! Lumi-
nescent quantum yields were measured using the optically dilute
method®” with an aerated aqueous solution of [Ru(bpy)s]Cl, (P.,=
0.028)1*! as the standard solution.

Synthesis of dpg-en: A mixture of 2-(methoxycarbonyl)dipyrido[3,2-
£:2',3'-h]quinoxaline (500 mg, 1.72 mmol) and ethylenediamine (5.8 mL,
86 mmol) in MeOH (250 mL) was stirred under an inert atmosphere of
nitrogen for five days. The yellow solution was then evaporated to dry-
ness under vacuum. The solid was washed with CH,Cl, and diethyl ether.
Subsequent recrystallization of the product from a MeOH/diethyl ether
mixture afforded a yellow solid (548 mg, 99 % ). Positive-ion ESI-MS ion
clusters at m/z [M *]: 319 [dpg-en+H] .

DpgB: A mixture of dpg-en (200 mg, 0.63 mmol) and biotin-NHS
(236 mL, 0.69 mmol) in DMF (45 mL) was heated at 60°C under an inert
atmosphere of nitrogen for 12h. The pale yellow solution was then
evaporated to dryness under vacuum. The solid was washed with isopro-
panol and diethyl ether. Subsequent recrystallization of the product from
a MeOH/diethyl ether mixture afforded pale brown crystals (140 mg,
41%). '"H NMR (300 MHz, CD;0D, 298 K, TMS): 6=9.94-9.86 (m, 1 H;
H,), 9.65 (s, 1H; Hy), 9.56 (d, J=7.6 Hz, 1H; H,), 9.26-9.20 (m, 2H; H,,
H,), 8.20-7.92 (m, 2H; H,, Hy), 4.51-4.47 (m, 1 H; NCH biotin), 4.32-4.28
(m, 1H; NCH biotin), 3.68-3.60 (m, 4H; NH(CH,),NH), 3.28-3.17 (m,
1H; SCH biotin), 2.93 (dd, J=12.6, 5.0 Hz, 1H; SCH biotin), 2.70 (d, /=
141 Hz, 1H; SCH biotin), 2.33-2.15 (m, 2H; COCH, biotin), 1.75-
128 ppm (m, 6H; COCH,(CH,); biotin); IR (KBr): #=3280 (N-H),
1709 (C=0), 1636 cm™! (C=0); positive-ion ESI-MS ion clusters at m/z
[M *]: 545 [dpgB+H]*.

DppzB: A solution of CDI (178 mg, 1.10 mmol) in DMF (5mL) was
added to a suspension of dppz-COOH (73 mg, 0.22 mmol) in DMF
(45 mL). The mixture was heated at 80°C under nitrogen until the grey
solid was dissolved. Then, biotin-en (63 mg, 0.22 mmol) in DMF (5 mL)
was added to the brown solution. The solution was heated at 80°C under
nitrogen for 16 h and was then evaporated to dryness under vacuum. The
brown solid was washed with chloroform and diethyl ether. Subsequent
recrystallization of the product from a MeOH/diethyl ether mixture gave
a brown solid (100 mg, 75%). '"HNMR (300 MHz, CD;OD, 298K,
TMS): 6=9.74-9.70 (m, 2H; H,, H,), 9.21-9.19 (m, 2H; H,, Hj), 8.97 (d,
J=0.6 Hz, 1H; H,), 8.51-8.47 (m, 1H; H;), 8.41-8.38 (m, 1H; H,), 7.98-
7.91 (m, 2H; H,, H,), 4.51-4.47 (m, 1 H; NCH biotin), 4.32-4.28 (m, 1H;
NCH biotin), 3.53-3.43 (m, 4H; NH(CH,),NH), 3.07-3.06 (m, 1H; SCH
biotin), 2.93 (dd, J=12.6, 5.0 Hz, 1H; SCH biotin), 2.70 (d, J=12.6 Hz,
1H; SCH biotin), 2.32-2.15 (m, 2H; COCH, biotin), 1.66-1.43 ppm (m,
6H; COCH,(CH,); biotin); IR (KBr): #=3278 (N-H), 1701 (C=0),
1647 cm™ (C=0); positive-ion ESI-MS clusters at m/z [M*]: 596
[dppzB+H] ™.

[Ir(ppy).(dpq)1(PF,) (1): A mixture of [Ir,(ppy),Cl] (68 mg, 0.06 mmol)
and dpq (29 mg, 0.12 mmol) in MeOH/CH,Cl, (40 mL, 1:1) was heated
under reflux under an inert atmosphere of nitrogen in the dark for 4 h.
The orange solution was then cooled to room temperature and KPFg
(26 mg, 0.14 mmol) was added to the solution. The mixture was then
evaporated to dryness and the solid was dissolved in CH,Cl, and purified
by column chromatography on silica gel. The desired product was eluted
with CH,Cl,/acetone (9:1). Subsequent recrystallization of the complex
from a CH,Cly/diethyl ether mixture afforded complex 1 as yellow crys-
tals (83 mg, 73%). '"HNMR (300 MHz, [Dg]acetone, 298 K, TMS): §=
9.78 (dd, J/=8.5, 1.8 Hz, 2H; H, dpq), 9.35 (s, 2H; H, dpq), 8.56 (dd, /=
5.3, 1.5 Hz, 2H; H, dpq), 8.27-8.18 (m, 4H; H3 pyridyl ring ppy~, H,
dpq), 7.97-7.89 (m, 4H; H3 phenyl ring, H4 pyridyl ring ppy "), 7.82-7.80
(td, J=5.3, 0.8 Hz, 2H; H6 pyridyl ring ppy ), 7.13-7.06 (dt, J=7.3,
1.2 Hz, 2H; H4 phenyl ring ppy~), 7.01-6.96 (m, 4H; H5 phenyl ring,
HS pyridyl ring ppy ), 6.46 ppm (dd, J=7.6, 0.9 Hz, 2H; H6 phenyl ring
ppy); IR (KBr): =840 cm ™' (PF,"); positive-ion ESI-MS ion clusters at
mlz [M*]: 732 [Ir(ppy),(dpq)]*; elemental analysis caled (%) for
CyHyuNgFPIr-H,O: C 48.27, H 2.93, N 9.38; found: C 48.21, H 3.21, N
9.61.
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[Ir(ppy).(dpqa)|(PFg) (2): The procedure was similar to that described
for the preparation of complex 1, except that dpga (42 mg, 0.12 mmol)
was used instead of dpq. Complex 2 was isolated as yellow crystals
(100 mg, 81%). 'H NMR (300 MHz, [D]acetone, 298 K, TMS): 6 =10.03
(dd, J=8.5, 1.5 Hz, 1H; H, dpqa), 9.85 (s, 1H; H, dpqa), 9.80 (dd, J=
8.5, 1.5 Hz, 1H; H, dpqa), 9.16 (t, J=6.5 Hz, 1H; N—H), 8.60-8.55 (m,
2H; H,, H, dpqa), 8.30-8.21 (m, 4H; H3 pyridyl ring ppy~, Hy, H; dpqa),
7.97-7.89 (m, 4H; H3 phenyl ring, H4 pyridyl ring ppy"), 7.83 (d, /=
5.9 Hz, 1H; H6 pyridyl ring ppy~), 7.78 (dd, J=5.0 Hz, 1H; H6 pyridyl
ring ppy~), 7.10 (dt, J=7.6, 1.5 Hz, 2H; H4 pyridyl ring ppy~), 7.02-6.96
(m, 4H; HS phenyl ring, H5 pyridyl ring ppy~), 6.46 (d, J=7.0 Hz, 2H;
H6 phenyl ring ppy~), 3.60-3.52 (m, 2H; CH,(CH,),CHj;), 1.73-1.64 (m,
2H; CH,CH,CH,CHs;), 1.50-1.38 (m, 2H; (CH,),CH,CH,), 0.96 ppm (t,
J=7.3Hz, 3H; CH;); IR (KBr): #=3498 (N—H), 3396 (N-H), 1671 (C=
0), 846 cm™' (PF,"); positive-ion ESI-MS ion-cluster at m/z [M *]: 832
[Ir(ppy).(dpga)]*, 501 [Ir(ppy),]*; elemental analysis calcd (%) for
C,H;;N,OFPIr-1.5H,0: C 49.05, H 3.61, N 9.77; found: C 49.23, H 3.80,
N 9.54.

[Ir(ppy).(dpgB)1(PFy) (3): The procedure was similar to that described
for the preparation of complex 1, except that dpgB (74 mg, 0.12 mmol)
was used instead of dpq and that the reactants were heated under reflux
in a mixture of MeOH/CH,Cl, (3:1) and MeOH was used to elute the
product from an alumina column. Complex 3 was isolated as orange crys-
tals (75 mg, 46%). '"HNMR (300 MHz, [DgJacetone, 298 K, TMS): 6=
10.39 (dt, J=7.5, 1.5 Hz, 1H; H, dpgB), 9.80-9.71 (m, 3H; H,, H, dpgB,
dpgB-CONH), 8.59-8.56 (m, 2H; H,, H, dpqB), 8.31-8.22 (m, 4H; H3
pyridyl ring ppy~, Hy, H; dpgB), 7.97-7.78 (m, 7H; H3 phenyl ring, H4,
H6 pyridyl ring ppy~, NH(CH,),NHCO), 7.10 (t, /=7.6 Hz, 2H; H4
phenyl ring ppy~), 7.02-6.96 (m, 4H; H5 phenyl ring, HS pyridyl ring
ppy’), 6.45 (td, J=7.3, 1.2 Hz, 2H; H6 phenyl ring ppy~), 5.55-5.44 (m,
2H; N—H biotin), 4.35-4.21 (m, 1H; NCH biotin), 4.10-4.02 (m, 1H;
NCH biotin), 3.65-3.54 (m, 4H; NH(CH,),NH), 2.95-2.84 (m, 1H; SCH-
(CH,),) biotin), 2.67-2.60 (m, 1H; SCH biotin), 2.47-2.41 (m, 1H; SCH
biotin), 2.33-2.24 (m, 2H; COCH, biotin), 1.67-1.27 ppm (m, 6H;
COCH,(CH,); biotin); IR (KBr): #=3423 (N—H), 3268 (N—H), 1676 (C=
0), 844 cm ™! (PF,); positive-ion ESI-MS ion clusters at m/z [M *]: 1045
[Ir(ppy),(dpgB)]*, 501 [Ir(ppy).]™; elemental analysis caled (%) for
C,HuN,(O;SFPIr-3H,0: C 47.30, H 4.05, N 11.26; found: C 47.34, H
4.11, N 11.41.

[Ir(ppy).(dppz) 1(PF¢) (4): The procedure was similar to that described
for the preparation of complex 1, except that dppz (36 mg, 0.12 mmol)
was used instead of dpq. Complex 4 was isolated as orange crystals
(62 mg, 37%). 'HNMR (300 MHz, [Dg]acetone, 298 K, TMS): 6=9.89
(dd, J=82, 1.5 Hz, 2H; H, dppz), 8.56-8.51 (m, 4H; H,, H, dppz), 8.29-
8.20 (m, 6H; H3 pyridyl ring ppy, Hy, H, dppz), 7.98-7.87 (m, 6H; H4,
H6 pyridyl ring, H3 phenyl ring ppy~), 7.11 (dt, J=7.6, 1.2 Hz, 2H; H4
phenyl ring ppy~), 7.05-6.97 (m, 4H; HS pyridyl ring, H5 phenyl ring
ppy ), 647 ppm (dd, J=7.3, 0.9 Hz, 2H; H6 phenyl ring ppy ); IR
(KBr): #=839 cm™' (PF"); positive-ion ESI-MS ion clusters at m/z [M *]:
782 [Ir(ppy).(dppz)]*, 501 [Ir(ppy),]T; elemental analysis caled (%) for
C4HasNeF¢PIr-0.5H,0: C 51.28, H 2.90, N 8.97; found: C 51.24, H 3.05,
N 8.83.

[TIr(ppy).(dppn)1(PF,) (5): The procedure was similar to that described
for the preparation of complex 1, except that dppn (42 mg, 0.12 mmol)
was used instead of dpq. Complex 5 was isolated as orange crystals
(41 mg, 33%). '"HNMR (300 MHz, [D¢]acetone, 298 K, TMS): 6=9.89
(dd, J=8.1, 1.2 Hz, 2H; H, dppn), 9.21 (s, 2H; H, dppn), 8.53 (dd, /=
5.3, 1.5 Hz, 2H; H, dppn), 8.44 (dd, J=6.6, 3.5 Hz, 2H; H,, dppn), 8.31—
8.22 (m, 4H; H3 pyridyl ring ppy, H, dppn), 7.99-7.92 (m, 6H; H4, H6
pyridyl ring, H3 phenyl ring ppy~), 7.81 (dd, /=6.6, 2.9 Hz, 2H; H;
dppn), 7.13-6.98 (m, 6H; HS pyridyl ring, H4, H5 phenyl ring ppy"),
6.47 ppm (d, /=73 Hz, 2H; H6 phenyl ring ppy ); IR (KBr): 7=
844 cm™' (PF"); positive-ion ESI-MS ion clusters at m/z [M*]: 832 [Ir-
(ppy)2(dppn)]*, 501 [Ir(ppy),]*; elemental analysis caled (%) for
CuHyNF(PIr-H,O: C 53.06, H 3.04, N 8.44; found: C 52.87, H 3.05, N
8.40.

[Ir(ppy).(dppzB)1(PF,) (6): The procedure was similar to that described
for the preparation of complex 1, except that dppzB (77 mg, 0.12 mmol)
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was used instead of dpq and that the reactants were refluxed in a mixture
of MeOH/CH,Cl, (5:1) and a solvent mixture of CH;CN/MeOH (9:1)
was used to elute the product from an alumina column. Complex 6 was
isolated as orange crystals (123 mg, 30%). '"H NMR (300 MHz, [D¢]ace-
tone, 298 K, TMS): 6=9.92-9.87 (m, 2H; H,, H, dppzB), 8.96 (s, 1H; H.
dppzB), 8.68 (s, 1H; dppz-CONH), 8.56-8.55 (m, 4H; H,, Hy, H;, H;
dppzB), 8.30-8.23 (m, 4H; H3 pyridyl ring ppy~, H,, H;, dppzB), 7.98-
7.88 (m, 6H; H3 phenyl ring, H4, H6 pyridyl ring ppy~), 7.65 (s, 1H;
NH(CH,),NHCO), 7.14-6.97 (m, 6H; H4, H5 phenyl ring, H5 pyridyl
ring ppy~), 6.46 (d, J=7.3 Hz, 2H; H6 phenyl ring ppy), 5.64 (s, 1H;
NH biotin), 5.54 (s, 1H; NH biotin), 4.38-4.36 (m, 1H; NCH biotin),
4.23-4.19 (m, 1H; NCH biotin), 3.62-3.59 (m, 4H; NH(CH,),NH), 2.60-
2.53 (m, 2H; SCH, biotin), 2.28-2.24 (m, 2H; COCH, biotin), 1.67—
1.41 ppm (m, 6H; COCH,(CH,); biotin); IR (KBr): #=3415 (N—H),
1694 (C=0), 1653 (C=0), 844 cm™' (s, PF"); positive-ion ESI-MS ion-
clusters at m/z [M*]: 1094 [Ir(ppy).(dppzB)]*, 501 [Ir(ppy),]*; elemental
analysis caled (%) for Cs3HyN;(O;SFPIr-2H,O: C 49.88, H 3.95, N
10.97; found: C 49.59, H 4.13, N 10.69. Reversed-phase HPLC analysis:
Alltima C18 column (53x7 mm, 3 pum), isocratic 95% aqueous MeOH,
flow rate =1 mLmin~', t; =1.40 min.

DNA absorption and emission titrations: In a typical experiment, ali-
quots (5 uL) of calf thymus DNA or synthetic oligonucleotides (3.4 mm)
in Tris-Cl buffer (50 mm, pH 7.4) were added cumulatively to the iridium
complex (84.7 um) in a mixture of the same buffer and methanol (7:3) at
1 min intervals. The absorption and emission spectra of the solution were
measured. For solubility reasons, the trifluoromethanesulfonate salts of
complexes 4 and 5 were used while the hexafluorophosphate salts of
other complexes were employed. Although these complexes were only
sparingly soluble in pure aqueous solutions, addition of aqueous buffer to
a methanolic solution of the complexes to give a buffer/methanol (7:3)
mixture did not cause any precipitation problems. The solutions remained
visually clear, the baselines of the absorption spectra of all the complexes
in this solvent mixture did not increase, and no scattering effects were
observed in the measured emission spectra.

HABA assays: In a typical experiment, aliquots (5 uL) of complex 3 or 6
(550 um) in methanol were added cumulatively to a mixture of avidin
(3.8 um) and HABA (0.3 mm) in potassium phosphate buffer (2mL,
50 mm, pH 7.4) at 1 min intervals. The binding of the complexes to avidin
was indicated by the decrease of absorbance at 500 nm due to the dis-
placement of HABA from the avidin by the complexes. The binding stoi-
chiometries of the complexes to avidin were determined from a plot of
—AAsp) o Versus [Ir]:[avidin].

Determination of k,,, k., and K;: The K, value is defined as the ratio
koilkon, Where kg, is the bimolecular rate constant for the binding of the
fourth iridium(m)-biotin complex to avidin-Ir;, and kg is the unimolecu-
lar rate constant for the dissociation of the first iridium(i)-biotin com-
plex from the fully bound adduct avidin-Ir, (as induced by addition of
excess unmodified biotin molecules).*’! In the association studies, an
avidin solution was added to four equivalents of complex 3 or 6 in an
emission cuvette. The emission intensity of the solution was measured.
The on-rate constant k,, for the binding of the complexes to avidin was
estimated from Equation (3):1*’)

1 1 1
FoF = Frepy t Epy @Yt ®)

where F' = emission intensity at time = ¢, ;' = initial emission intensity,
F, = final emission intensity, @ = number of moles of avidin added, V'
= total volume of solution, t = reaction time after avidin was added.

In practice, F,’ was varied until the plot of 1/(F—F,’) against ¢ was linear.
The y intercept and slope of the linear-fit gave 1/(Fy/—F,) and
(Fy—F/) "(a/V)k,, respectively. Thus, the constant k,, can be deter-
mined.

The dissociation of the iridium(mr)-biotin complex from avidin was in-
duced by addition of an excess of unmodified biotin. The subsequent de-
crease in emission intensity was interpreted in terms of a monomolecular
reaction. The off-rate constant k.; was determined according to Equa-
tion (4):!
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F—F,
F,—T,

= kot (4)

where F, = initial emission intensity of the iridium(mm)-avidin adduct, F;
= emission intensity after dissociation of one equivalent of iridium (im)-
biotin, t = reaction time after excess biotin was added.

The slope of the linear fit of (F—F;)/(F,—F;) against ¢ gave the constant
7k0ﬂ'

X-ray structure analysis for complex 4: Single crystals of the complex
suitable for X-ray crystallographic studies were obtained by layering of
petroleum ether (b.p. 40-60°C) over a concentrated acetone solution of
the complex. A crystal of dimensions 0.2x0.15x0.1 mm® mounted in a
glass capillary was used for data collection at —20°C on a MAR diffrac-
tometer with a 300 mm image-plate detector by using graphite mono-
chromatized Moy, radiation (1=0.710 73 A). Data collection was made
with 2° oscillation steps of ¢, 600 s exposure time, and a scanner distance
at 120 mm. A total of 100 images were collected. The images were inter-
preted and intensities integrated using the program DENZO.* The
structure was solved by direct methods employing the program
SHELXS-97%" on a PC. Iridium, phosphorus, and many nonhydrogen
atoms were located according to the direct methods. The positions of
other nonhydrogen atoms were found after successful refinement by full-
matrix least-squares by using the program SHELXL-97.! Two individual
molecules were located in the asymmetric unit together with one acetone
and two water oxygen atoms. One crystallographic asymmetric unit con-
sisted of two formula units. In the final stage of least-squares refinement,
the iridium atoms were refined anisotropically and other atoms isotropi-

Table 7. Crystal data and summary of data collection and refinement for
complex 4.

formula Cy150H3 FsIrN¢O, 50P

M, 974.89

crystal size [mm®) 0.2x0.15x0.1

T[K] 253(2)

crystal system triclinic

space group P1 (no. 2)

a[A] 13.908(3)

b[A] 16.322(3)

c[A] 20.112(4)

al’] 93.93(3)

Bl 98.92(3)

v [°] 94.50(3)

VA 4481.3(16)

V4 4

Pesea[mgm ] 1.445

u [mm™] 3.078

F(000) 1920

6 range [°] 1.49-22.63

oscillations [°] 2

no. images collected 100

distance [mm] 120

exposure time [s] 600

index ranges —12<h<12
—15<k<16
—19<1<20

no. data collected 12211

Ry 0.0795

no. of unique data/restraints/parameters 6611/5/491

GOF on F" 0.914

Ry, wR, (I>20(1))
R,, wR, (all data)
largest diff. peak/hole [e A% 1.050, —0.747

[a] Ry = | F2—FX(mean)|/S[F2].  [b] GOF={S[w(F2—F2)}(n—p)}"™.
where 7 is the number of reflections and p is the total number of parame-
ters refined. The weighting scheme is w=1/[0*(F2) + (aP)* + bP],
where P=[2F? + max (F2,0)]/3, a=0.1112 and b=0.0000. [c] R,=
SI|F,| = | F /2 |F, | wR= (Sw(F2—F2VS[w(F2 )™

0.0783, 0.1942
0.1576, 0.2393
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cally. Hydrogen atoms were generated by the program SHELXL-97. The
positions of the hydrogen atoms (except those on acetone and water
oxygen) were calculated based on the riding mode with thermal parame-
ters equal to 1.2-times that of the associated carbon atoms, and were
used in the calculation of final R indices. Crystal data and a summary of
data collection and refinement details are given in Table 7.

CCDC-218619 contains 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/.
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