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Luminescent tricarbonylrhenium(l) dipyridoquinoxaline indole complexes [R&NCO)(L)](CFs-
S0s) (N—N = dipyrido[3,24:2',3-h]quinoxaline (dpq), L= N-(3-pyridoyl)tryptamine (py-3-CONHEH.-
indole) (L&), N-(N-(3-pyridoyl)-6-aminohexanoyl)tryptamine (py-3-CONEH;,CONHGH -indole) (Lb);
N—N = 2-(n-butylamido)dipyrido[3,22',3'-h]quinoxaline (dpga), L= py-3-CONHGH;-indole (2a),
py-3-CONHGH;,CONHGH-indole b)) and their indole-free counterparts [Re{N)(CO)(py-3-
CONH-E1)](CRSGs) (py-3-CONH-Et= N-ethyl-(3-pyridyl)formamide; N-N = dpq (Lc), dpga gc))
have been synthesized and characterized. The crystal structure of a related complex, [Re(dpga)(CO)
(pyridine)](PF), has also been studied. All the complexes exhibited triplet metal-to-ligand charge-transfer
(®MLCT) (dr(Re)— z*(N—N)) emission in fluid solutions at 298 K and in alcohol glass at 77 K. The
emission quantum yields of the complexes were reduced upon changing fre@i.@laqueous buffer.
The reduction was much more significant for the dpga complexes than the dpg complexes due to the
hydrogen-bonding interaction of the amide substituent of the dpga ligand with water molecules. The
interactions of these tricarbonylrhenium(l) complexes with indole-binding proteins including bovine
serum albumin and tryptophanase have been studied by emission titrations and inhibition assays,

respectively.

Introduction

The important physiological activities of indole and its
derivatives have been the subject of many stutligarious

()24dhand ruthenium(1B°° polypyridine indole complexes and
redox-active ferrocene indole conjug&f€sand studied their
protein-binding behavior by optical and electrochemical meth-
ods. Our current target is to design luminescent probes that show

approaches have been adopted to examine the substrate-bindingigher protein-induced emission enhancement factors upon
properties of the biological receptors of indole compounds. For biological binding. Recently, Kelly and co-workers have

example, radioactive indole derivativés)dole—biotin conju-
gates® and the fluorescence properties of indole compotinds
have been utilized. In view of the rich photophysical properties
of tricarbonylrhenium(l) complex&s?* and our interest in

reported the interesting DNA-binding properties of ruthenium-
(1) amidodipyrido[3,2f:2',3-h]quinoxaline (amido-dpg) com-
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probes and labe 27 we have designed luminescent rhenium-
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plexes?® We have also employed rheniumif) ruthenium(ll)25¢
and iridium(I11)26" complexes containing related ligands in the
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imidyl ester29adpq2®® dpga?* py-3-CONHGH;-indole 244:h py-3-
CONHGsH1(CONHG,H -indole 24dh py-3-CONH-E24." [Re(N—

development of more sensitive luminescent probes for avidin. N)(COX(CH:CN)[(CFSOs) (N—N = dpg, dpgafs'and [Re(dpga)
We envisage that incorporating an amido-dpq ligand into a (COXk(Pyridine)l(PF)** were prepared as described previously.

tricarbonylrhenium(l) indole complex would produce an inter-
esting probe for indole-binding proteins.

Synthesis of ComplexesA mixture of [Re(N=N)(CO)(CHs-
CN)](CFSG;) (0.29 mmol) and the pyridine ligand (0.35 mmol)
in THF (20 mL) was refluxed under nitrogen for 12 h. The mixture

In this paper, we report the synthesis and characterization of was evaporated to dryness to give a yellow solid, which was

luminescent tricarbonylrhenium(l) dipyridoquinoxaline indole
complexes [Re(N-N)(CO)(L)](CF3S0s) (N—N = dipyrido-
[3,2:2',3-h]quinoxaline (dpq), L= N-(3-pyridoyl)tryptamine
(py-3-CONHGH_g-indole) (L&), N-(N-(3-pyridoyl)-6-aminohex-
anoyl)tryptamine, (py-3-CONH#E1;CONHGHg-indole) (Lb);
N—N = 2-(n-butylamido)dipyrido[3,2:2',3-h]quinoxaline (dpga),

L = py-3-CONHGH_-indole Q4a), py-3-CONHGH;,CONH-
C,Hgs-indole b)) and their indole-free counterparts [Re-
(N—N)(CO)(py-3-CONH-E1)](CRSOs) (py-3-CONH-Et =
N-ethyl-(3-pyridyl)formamide; N-N = dpq (Lc), dpga @c)).

The structures of these rhenium(l) dipyridoquinoxaline com-
plexes are shown in Chart 1. The crystal structure of a relate

complex, [Re(dpga)(CQpyridine)](PF), has also been studied.

The photophysical and electrochemical properties of complexes

la—1c and 2a—2c have been examined. Additionally, the

subsequently recrystallized from a mixture of acetone, acetonitrile,
and diethyl ether.

[Re(dpq)(CO)s(py-3-CONHC,H 4-indole)](CF:SOs) (1a). Com-
plex lawas isolated as yellow crystals. Yield: 160 mg (60%).
NMR (300 MHz, acetonel, 298 K, TMS): 6 10.03 (d, 3HJ =
5.3 Hz, H4 and H4of pyrido rings of dpg and NH of indole), 9.93
(d, 2H,J = 8.5 Hz, H6 and Hb6of pyrido rings of dpq), 9.33 (s,
2H, H2 and H3 of dpq), 8.96 (s, 1H, H2 of pyridine), 8.76 (d, 1H,
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complexes with indole-binding proteins including bovine serum
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due to the use of dipyridoquinoxaline ligands.

Experimental Section

Materials and Synthesis All solvents were of analytical reagent
grade. Re(CQGEI (Aldrich), tryptamine (Aldrich), BSA (Calbio-
chem),3-nicotinamide adenine dinucleotide, disodium salt (NADH)
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Chart 1. Structures of Tricarbonylrhenium(l)
Dipyridoquinoxaline Complexes

co
oc\FJe /N>
oc” | N
L (CF3S0y)
o
N
> _ N\])kNH(CHZ):,CHa
- P
N N
dpq dpga

N
2 H
S N
L= » = dpq (1a), dpqa (2a)
o NH N

py-3-CONHC,Hs-indole

NS N\/\/\/U\,?‘ X NH
(¢] H

py-3-CONHCsH;gCONHC Hg-indole

N
> = dpq (1b), dpqa (2b)
N

2 | }‘-| N
X N._CHs > =dpq (1¢), dpga (2¢)
N
o]
py-3-CONH-Et

J=5.6 Hz, H6 of pyridine), 8.51 (dd, 2H,= 8.2 and 5.3 Hz, H5
and H3 of pyrido rings of dpq), 8.25 (d, 1H] = 8.2 Hz, H4 of
pyridine), 8.10 (s, br, 1H, py-3-COM), 7.55 (d, 1H,J = 7.3 Hz,
H4 of indole), 7.477.38 (m, 2H, H5 of pyridine and H7 of indole),
7.14-7.07 (m, 2H, H2 and H6 of indole), 6.99 (t, 1BI= 7.5 Hz,
H5 of indole), 3.62-3.56 (m, 2H, py-3-CONHE,CH,), 2.95 (t,
2H,J = 7.6 Hz, py-3-CONHCHCH,). IR (KBr) v/cm™% 3314 (s,
br, NH), 2033 (s, &0), 1919 (s, &0), 1654 (m, G=0), 1163
(s, CRS0O;7), 1032 (s, CESO;). Positive-ion ESI-MS ion cluster
at m'z 768 {[Re(dpq)(CO)(py-3-CONHGHindole)} *. Anal.
Calcd for Q;4H22N707SF3R€'(CH3)2CO‘CH3CN: C, 46.15; H, 3.08;
N, 11.04. Found: C, 46.35; H, 3.16; N, 10.94.
[Re(dpq)(CO)s(py-3-CONHCsH1,CONHCH s-indole)]-
(CF3S0;5) (1b). Complex 1b was isolated as yellow crystals.
Yield: 263 mg (88%).!H NMR (300 MHz, acetonel, 298 K,
TMS): 6 10.04 (dd, 3HJ = 5.3 and 1.5 Hz, H4 and H4f pyrido
rings of dpq and NH of indole), 9.93 (dd, 2B= 8.5 and 1.5 Hz,
H6 and H6 of pyrido rings of dpq), 9.31 (s, 2H, H2 and H3 of
dpq), 8.93 (s, 1H, H2 of pyridine), 8.78 (d, 1Bl= 5.6 Hz, H6 of
pyridine), 8.52 (dd, 2HJ = 8.5 and 5.3 Hz, H5 and H%f pyrido
rings of dpq), 8.31 (d, 1H] = 8.2 Hz, H4 of pyridine), 8.03 (s, br,
1H, py-3-COM), 7.51 (d, 1H,J = 8.2 Hz, H4 of indole), 7.43
(dd, 1H,J = 8.2 and 5.6 Hz, H5 of pyridine), 7.35 (d, 1Bl= 8.2
Hz, H7 of indole), 7.12-7.04 (m, 3H, py-3-CONHEH;,CONH
and H2 and H6 of indole), 6.94 (t, 1d,= 7.0 Hz, H5 of indole),
3.48-3.38 (m, 4H, py-3-CONHE,C,HsCONHCH,CH,), 1.59—
1.46 (m, 6H, py-3-CONHCKC3HsCH,). IR (KBr) vicm 1 3322
(m, NH), 2034 (s, &0), 1923 (s, &0), 1654 (s, €&0), 1163 (s,
CFR;SG;7), 1030 (s, CESG;7). Positive-ion ESI-MS ion cluster at
m/z 881{[Re(dpq)(CO)(py-3-CONHGH;(CONHGHindole)]} *.
Anal. Calcd for QOH34NgogsFgRE’(CHg)zCO'CHgCN: C, 47.87;
H, 3.84; N, 11.16. Found: C, 47.77; H, 3.88; N, 11.21.
[Re(dpq)(CO)s(py-3-CONH-EL)](CF3S0s) (1c). Complexlc
was isolated as yellow crystals. Yield: 88 mg (38%). NMR
(300 MHz, aceton@s, 298 K, TMS): ¢ 10.05 (d, 2HJ = 4.1 Hz,

Lo et al.

H4 and H4 of pyrido rings of dpq), 9.94 (d, 2H] = 8.2 Hz, H6
and H6 of pyrido rings of dpq), 9.33 (s, 2H, H2 and H3 of dpq),
8.96 (s, 1H, H2 of pyridine), 8.76 (d, 1Hl = 5.9 Hz, H6 of
pyridine), 8.53 (dd, 2HJ = 8.5 and 5.3 Hz, H5 and H%f pyrido
rings of dpq), 8.28 (d, 1H] = 8.2 Hz, H4 of pyridine), 8.06 (s, br,
1H, py-3-COMH), 7.44 (dd, 1H,J = 7.8 and 5.7 Hz, H5 of
pyridine), 3.33-3.26 (m, 2H, py-3-CONHE&,CHj), 1.06 (t, 3H,J

= 7.3 Hz, py-3-CONHCHCH3). IR (KBr) v/cm™t: 3314 (s, br,
NH), 2033 (s, &0), 1938 (s, &0), 1662 (m, G=0), 1156 (m,
CRSG;7), 1032 (m, CBESO;7). Positive-ion ESI-MS ion cluster
at m/z 652 {[Re(dpqg)(CO)(py-3-CONH-Et)}*. Anal. Calcd for
CoeH1sNsO7SFHRe: C, 38.95; H, 2.26; N, 10.48. Found: C, 38.99;
H, 2.36; N, 10.64.

[Re(dpga)(CO)(py-3-CONHC,H -indole)](CFsSOs) (2a). Com-
plex 2awas isolated as yellow crystals. Yield: 116 mg (39%).
NMR (300 MHz, acetonals, 298 K, TMS): 6 10.19 (d, 1HJ =
8.5 Hz, H4 of pyrido ring of dpga), 10.0610.02 (m, 3H, H6 and
H6' of pyrido rings of dpga and NH of indole), 9.93 (d, 18=
8.5 Hz, H4 of pyrido ring of dpga), 9.79 (s, 1H, H3 of quinoxaline
of dpga), 9.13 (s, br, 1H, COM of dpga), 8.93 (s, 1H, H2 of
pyridine), 8.76 (d, 1HJ = 5.3 Hz, H6 of pyridine), 8.558.46
(m, 2H, H5 and H50f pyrido rings of dpga), 8.26 (d, 1H,= 6.5
Hz, H4 of pyridine), 8.10 (s, br, 1H, py-3-CQ#H, 7.51 (d, 1H,J
= 7.9 Hz, H4 of indole), 7.44 (t, 1H] = 6.4 Hz, H5 of pyridine),
7.35 (d, 1H,J = 8.5 Hz, H7 of indole), 7.167.03 (m, 2H, H2 and
H6 of indole), 6.95 (t, 1HJ = 7.3 Hz, H5 of indole), 3.613.50
(m, 4H, NHOH,(CH,),CHs; and py-3-CONHEI,CH,), 2.93 (t, 2H,
J= 7.3 Hz, py-3-CONHCHCH), 1.70-1.63 (m, 2H, NHCHCH,-
CH,CHjs), 1.47-1.40 (m, 2H, NH(CH),CH,CHjs), 0.98-0.93 (m,
3H, NH(CH,)3CHg). IR (KBr) vicm™%: 3442 (s, br, NH), 2036 (s,
C=0), 1919 (s, &0), 1654 (m, G=0), 1172 (s, CESO;™), 1036
(s, CRSG;7). Positive-ion ESI-MS ion cluster atVz 867 {[Re-
(dpga)(COYpy-3-CONHGH -indole)]} *. Anal. Calcd for GoHz,NgOg-
SKEReCHLCN: C, 46.59; H, 3.34; N, 11.93. Found: C, 46.75; H,
3.27; N, 11.64.

[Re(dpga)(CO)(py-3-CONHCsH;,CONHC,H s-indole)]-
(CF3S0;5) (2b). Complex 2b was isolated as yellow crystals.
Yield: 198 mg (60%).*H NMR (300 MHz, acetonel, 298 K,
TMS): 6 10.18 (d, 1H,J = 8.5 Hz, H4 of pyrido ring of dpga),
10.07-10.03 (m, 2H, H6 and Héof pyrido rings of dpga), 9.97
(s, br, 1H, NH of indole), 9.92 (dd, 1H,= 8.2 and 1.5 Hz, H4 of
pyrido ring of dpga), 9.77 (s, 1H, H3 of quinoxaline of dpga), 9.18
(s, br, 1H, COM of dpga), 8.87 (s, 1H, H2 of pyridine), 8.81 (d,
1H, J = 5.6 Hz, H6 of pyridine), 8.558.48 (m, 2H, H5 and H5
of pyrido rings of dpga), 8.30 (d, 1H,= 7.9 Hz, H4 of pyridine),
8.00 (s, br, 1H, py-3-CON), 7.46-7.42 (m, 2H, H5 of pyridine
and H4 of indole), 7.31 (d, 1H} = 8.2 Hz, H7 of indole), 7.13 (s,
br, 1H, py-3-CONHGH;(CONHC,H-indole), 7.076.99 (m, 2H,
and H2 and H6 of indole), 6.87 (t, 1d,= 7.0 Hz, H5 of indole),
3.58-3.51 (m, 2H, NH®x(CH,),CHg), 3.47-3.37 (m, 4H, py-3-
CONHCH,C4HsCONHCH,CH,), 1.73-1.38 (m, 10H, NHCH-
(CH5),CH;z and py-3-CONHCHC;HsCH,), 0.96 (t, 3H,J = 7.3
Hz, NH(CH;)sCHg). IR (KBr) v/cm L 3328 (s, br, NH), 2035 (s,
C=0), 1924 (s, &0), 1655 (s, €&0), 1164 (m, CESG; ™), 1030
(s, CRSG;7). Positive-ion ESI-MS ion cluster atVz 981 {[Re-
(dpga)(CO)(py-3-CONHGH;iCONHGH-indole)]} . Anal. Calcd
for CysHasNgOeSFHRe(CH3),CO-CH3;CN: C, 48.89; H, 4.27; N,
11.40. Found: C, 48.83; H, 4.43; N, 11.48.

[Re(dpga)(CO)(py-3-CONH-E1)](CF3SOs) (2¢). Complex2c
was isolated as yellow crystals. Yield: 106 mg (41%).NMR
(300 MHz, acetonak, 298 K, TMS): ¢ 10.22 (d, 1HJ = 8.5 Hz,
H4' of pyrido ring of dpga), 10.06 (t, 2Hl = 5.3 Hz, H6 and HB
of pyrido rings of dpga), 9.96 (d, 1H, = 8.5 Hz, H4 of pyrido
ring of dpga), 9.80 (s, 1H, H3 of quinoxaline of dpga), 9.17 (s, br,
1H, CONH of dpga), 8.93 (s, 1H, H2 of pyridine), 8.76 (d, 18,
= 5.6 Hz, H6 of pyridine), 8.5#8.50 (m, 2H, H5 and H5of
pyrido rings of dpga), 8.27 (d, 1H, = 7.0 Hz, H4 of pyridine),
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8.01 (s, br, 1H, py-3-CON), 7.46-7.42 (m, 1H, H5 of pyridine), the TTL pulse. The system was operated-a6 °C by the single-
3.58-3.51 (m, 2H, NH®;(CH,),CHa), 3.33-3.24 (m, 2H, py-3- stage system in order to reduce the dark current signal.

CONHCH2CH), 1.73-1.63 (M, 2H, NHCHCH,CH,CH), 1.48- Self-Quenching StudiesThe self-quenching rate constarks)
1.40 (m, 2H, NH(CH),CH,CHg), 1.13-1.04 (m, 3H, py-3-  and emission lifetimes at infinite dilutiorr;;) of the tricarbonyl-
CONHCH,CH3), 0.96 (t, 3H,J = 7.0 Hz NH(CH)3CHg). IR (KBr) rhenium(l) indole complexes were determined using eq 1:
vlem % 3330 (s, br, NH), 2035 (s, €0), 1919 (s, &0), 1654

(m, C=0), 1164 (m, CESGO;7), 1030 (m, CESG;™). Positive-ion 1 1

ESI-MS ion cluster atm/z 752 {[Re(dpga)(COXpy-3-CONH- i + kJRe] (1)

Ef)]}*. Anal. Calcd for GiHaN;OsSRRe0.25((CH),CO): C,
41.66; H, 3.14; N, 10.71. Found: C, 41.50; H, 3.38; N, 10.64.

Crystal Data of [Re(dpga)(CO)(pyridine)](PFg). Single crys-
tals of the complex suitable for X-ray crystallographic studies were
obtained by layering petroleum ether on a concentrated dichlo-
romethane solution of the complex. A crystal of dimensions>0.6
0.15 x 0.1 mn? mounted in a glass capillary was used for data
collection at—20 °C on a MAR diffractometer with a 300 mm
image plate detector using graphite-monochromatized Mo K
radiation ¢ = 0.71073 A). Data collection was made with & 2
oscillation step ofp, 10 min exposure time, and scanner distance To_ 1+ kz[Q] o)
at 120 mm. The number of images collected was 100. The images T ©
were interpreted and the intensities integrated using the program
DENZOZ2° The structure was solved by direct methods employing wheret, andr are the excited-state lifetimes of the complex in the
the program SHELXS-9% Rhenium and many non-hydrogen absence and presence of quencher, respectively,karsl the
atoms were located according to the direct methods. The positionsbimolecular quenching rate constant.
of the other non-hydrogen atoms were found after successful Emission Titrations with BSA. The tricarbonylrhenium(l)
refinement by full-matrix least-squares using the program SHELXL- dipyridoquinoxaline complex (0.3@mol) in 50 L of 50 mM
973! One hexafluorophosphate anion and two dichloromethane potassium phosphate buffer at pH 7.4/methanol solution (1:1, v/v)
solvent molecules were located. The anion was disordered in thewas added to a series of BSA solutions in phosphate buffer
mode of rotation along the-FP—F axis; two sets of positions of  (4504L). The concentrations of BSA varied fromx1 1074 to 1 x
the other four fluoride atoms were located. The last three carbon 10-3 M. The solutions were gently stirred at room temperature for
atoms of then-butyl group were also disordered; two sets of their 12 h in the dark. Time-resolved emission spectra of the solutions
positions were located, while restraints were applied to assumewere then measured (width 5 us, and delay= 50 ns) in order to
similar C—C bond lengths close to 1.55(2) A. One crystallographic remove the background interference.
asymmetric unit consisted of one formula unit, including one  The pinding constant, of the indole-containing complexes to
hexafluorophosphate anion and two dichloromethane solvent mol-gsa \were determined using the Scatchard equation, ®q 3:
ecules. In the final stage of least-squares refinement, the disordered
fluoride and carbon atoms were refined isotropically; other non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were
generated by the program SHELXL-97. The positions of hydrogen
atoms were calculated on the basis of a riding mode with thermal

parameters equal to 1.2 times that of the associated carbon atomy/here v = [Relound[BSAliota, [Relree and [Rejouna are the
and participated in the calculation of finRtindices. concentrations of the free and bound forms of the complexes,

respectively,n is the binding stoichiometry, and [BS#d, is the
total concentration of BSA. [Rgluna Was calculated using eq 4:

wherer is the emission lifetime of the complex at concentration
[Re]. The slope ang-intercept of the linear fit of a plot of 1 vs
[Re] gaveksq andziq %, respectively.

Stern—Volmer Analysis. Stern—Volmer quenching was studied
by emission lifetime measurements of the complex in,Cllin
the presence of a quencher at a concentraf@ln The data were
treated by a SteraVolmer fit as follows:

=nK, — oK
[Re]free " 2 ’ 2 (3)

Instrumentation and Methods. Equipment for the characteriza-
tion and photophysical and electrochemical studies has been
described previousl§e Luminescence quantum yields were mea-
sured by the optically dilute meth#d using an aerated aqueous [Rel... = [Re] [1—(/1,)] @)
solution of [Ru(bpy)]Cl, (@ = 0.028) as the standard solutié. pound ol (1 — p)

Time-resolved emission spectra were recorded on an Oriel Instru-

ments intensified charge-coupled device (ICCD) detector (Model where [Re}.a is the total concentration of complekand |, are
DH520) and were analyzed using the software InstaSpec V. The the emission intensities of the complex in the presence and absence
excitation source is the same laser system as that used for lifetimeof BSA, respectivelyP = (I/lo)max Which can be obtained as {(
measurement. The emission signal was collected by an optical fiberintercept) from a linear fit of/l, vs [BSA] L

and dispersed onto the CCD detector with an Oriel MultiSpec 115 Tpase Inhibition Assays. The tricarbonylrhenium(l) dipyri-
imaging spectrograph (Model 77480). A Stanford Research Systemsyoquinoxaline complex or free indole (0.&fnol) dissolved in 100
delay generator (Model DG 535) was used to produce the .| of phosphate buffer solution/methanol (2:1 viv) was added to a
transistor-transistor logic pulse required to operate the intensifier miviure of pyridoxal 5-phosphate (0.128n0l), lactate dehydro-
gating electronics in the detector head. The external trigger input genase (8.225 U), NADH (0.7@mol), andL-serine (from 100 to

of the delay generator was connected to the prepulse trigger outputgng mm) in 1.57 mL of 0.15 M potassium phosphate buffer at pH
of the laser. The delay generator was controlled via an IBM AT g ( in an absorption cuvette. The temperature of the solution was
APIB (IEEE 488) card interfaced with an IBM-compatible Pentium  {hermostated at 37C for 15 min. The conversion af-serine to
personal computer to control the width4S) and delay (50 ns) of  yyyvate was initiated by addition of TPase (12 U in §a0of
phosphate buffer) to the mixture. The final concentration of the
(30) Otwinowski, Z.; Minor, W.Methods in EnzymologyAcademic rhenium complex was 4@M. The percentage of inhibition of TPase

Press: San Diego, CA, 1997; Vol, 276, p 307. ) was determined by comparing the decrease of absorbance of the
(31) Sheldrick, G. MPrograms for Crystal Structure Analysis (Release
97-2); University of Gdtingen: Gitingen, Germany.
(32) (a) Demas, J. N.; Croshy, G. A.Phys Chem 1971, 75, 991. (b) (33) Scatchard, G.; Scheinberg, I. H.; Armstrong, SJHAm Chem
Nakamaru, KBull. Chem Soc Jpn 1982 55, 2697. Soc 195Q 72, 535.
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Figure 1. Perspective view of the complex cation [Re(dpga)(&0) . . ave,) ergminm .
(pyridine)]* with atomic numbering. Hydrogen atoms have been Figure 2. Electronic absorption spectrum of compleain CHs-

omitted for clarity, and thermal ellipsoids are shown at the 20% CN at 298 K (=) and emission spectra of the same complex in
probability level. CH.Cl, at 298 K (- - -) and EtOH/MeOH (4:1, v/v) at 77 K-().

inati Table 2. Selected Bond Lengths (A) and Bond Angles (deg)
Table 1. Crystal and Structure Determination Data of for [Re(dpaa)(CO)s(pyridine)](PFe)

[Re(dpga)(CO)(pyridine)](PFe)

Re(1)}-N(1) 2.193(5) Re(1N(2) 2.207(6)

Ia,rm”'a g%fggd“FGNGO“PRe Re(1)-N(6) 2.195(6) Re(1C(1) 1.934(10)

cryst size (mr) 06x 0.15x 0.1 Re(1)-C(2) 1.939(10) Re(HC(3) 1.911(8)

TK) 253 _ C(1)-Re(1)-C(2)  90.2(4) C(1}Re(1)-C(3)  87.9(3)

cryst syst orthorhombic C(1)-Re(1-N(1)  94.4(3) C(1yRe(1)-N(2)  92.8(3)

spice group P2i/c C(1)-Re(1)-N(6) 177.3(3) C(2yRe(1-C(3) 85.5(3)

a( A) 10.632(2) C(2-Re(1-N(1)  98.2(2) C(2yRe(1-N(2)  172.8(2)

b(A) 13.536(3) C(2-Re(1-N(6)  92.5(3) C(3yRe(1)-N(1)  175.6(3)

c( A) 25.590(5) C(3)-Re(1)-N(2)  101.2(3) C(3yRe(1)-N(6)  92.4(3)

MGV, 3682.8(13) N(1)-Re(1}-N(2)  74.95(19) N(1}Re(1-N(6)  85.2(2)

4 4 N(2)-Re(1-N(6)  84.5(2)

Pealcd (9 €T3 1.794 :

u (mmY) 3.707

g(g?fge (deg) 5 50 bond lengths of ReN (2.193(5) to 2.207(6) A) and

index ranges 12<h<12 Re—C (1.911(8) to 1.939(10) A) and the bite angle of N{1)

-15<k=<15 Re—N(2) (74.95(19)) of the complex are comparable to
—30=1=30 those of related tricarbonylrhenium(l) polypyridine sys-

no. of unique data/restraints/params 6557/11/448 tems6a.b,7,10b,11c,e,13d,14d,15d,16a,c;19@1b,23b,24a,b,d.e,h,;The amide

Rini® 0.0555 - .

GOE onf2b 0.882 plane of dpga exhibited a dihedral angle of ca. 1.@&h the

Ry, ngzn(l > 20(1)) 0.0420, 0.1079 dipyridoquinoxaline plane, indicative of a high degree of

Ri, WR; (all data) 0.0863, 0.1177 planarity due tor-conjugation. The dihedral angle between the

largest diff peak/hole (e &) 1.143,-0.582 ideal ring plane of the dpga ligand and the pyridine ligand of

2R = 3|Fo? — F(mean)/s[F?]. "GOF = { T [W(Fs> — FAZ/(n — the same molecule is ca. 8621
P} wheren fIS tze nrt:mber C;: reﬂectrl]ons amﬂIS/EhZe( tozt)al nt(lml))fr of Electronic Absorption and Luminescence PropertiesThe
parameters refined. The weighting schemevis- 1/[0*(Fo?) + (aP)* + electronic absorption spectral data of complel@s1cand2a—
®R, viherep s [2Fe + TaX(F"Z'O)]z/?’;a > 0.0541, %nd)l,zz 0.0-%R = 2care listed in Table S1. The absorption spectrum of complex
S1IFol = IFell/%IFol, WRe = { S[W(Fo? — FAA/ S [W(FoH)T} Y2 lain CH3;CN at 298 K is shown in Figure 2. All the complexes

3! .

showed intense absorption bands at ca.-28%8 nm € on the
order of 10 dm® mol~* cm™1), which have been assigned to
spin-allowed intraligand!{L) transitions ¢ — =*) (dpg/dpga
and pyridine ligands). The less intense absorption shoulders at
ca. 355-393 nm have been assigned to spin-allowed metal-to-
Synthesis. The tricarbonylrhenium(l) dipyridoquinoxaline  ligand charge-transfer'ILCT) (dz(Re) — x*(dpg/dpga))
complexes were prepared, in moderate yields, from the reactionstransitions6ab.7ac810,11a¢-€,12,13a,c,d,1416,17a,c,18b,c,192,0,203,24a.b.€]
of [Re(N—N)(CO)(CH3CN)](CFS0s) with the pyridine ligands As expected, the absorption characteristics of the indole
py-3-CONHGHg-indole, py-3-CONHGH1CONHGH-indole, complexes highly resembled those of their indole-free counter-
or py-3-CONH-Et in refluxing THF, followed by recrystalli-  parts (Table S1) due to the less intense absorption of the indole
zation from a mixture of acetone, acetonitrile, and diethyl ether. and spacer arms.
They were characterized Bid NMR, positive-ion ESI-MS, and Upon irradiation, all the complexes displayed orange-yellow
IR and gave satisfactory elemental analyses. to greenish-yellow luminescence both in fluid solutions at 298
Crystal Structure. The perspective view of the complex K and in low-temperature alcohol glass. All the luminescence
cation [Re(dpga)(CQjpyridine)]" is depicted in Figure 1. The  decay was single exponential. The emission data are summarized
crystal data and selected bond lengths and angles are listed inn Table 3. The emission spectra of complexin CH,CI, at
Tables 1 and 2, respectively. The rhenium(l) center of this 298 K and in ethanol/methanol glass at 77 K are shown in Figure
complex adopted a distorted octahedral coordination geometry2. With reference to the photophysical studies of related
and the carbonyls were arranged irfazial orientation. The tricarbonylrhenium(l) polypyridine systems, the emission of

solution at 340 nm to that of the control in which the rhenium(l)
dipyridoquinoxaline complex or indole was absent.

Results and Discussion
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Table 3. Photophysical Data of Complexes *alc and the indole-free complexesl¢ and 2¢) and the absorption
2a—2c spectrum of indole, and the much higher triplet-state energy of
complex medium {T/K) Jem/NM Tolus @ indole (ca. 24 800 cm')3* compared to the emission energy of
1a CH.Cl, (298) 556 0.76 0.021 these rhenium(l) indole complexes (ca. 17 928 281 cnt*
MeOH (298) 569 0.30 0.0041 in CHyCly), it is unlikely that the quenching occurred via an
bluffe; %98) gg; g-ig 0.0023 energy-transfer mechanism. From the potentials of the dipyri-
as: . i i i i
b % HZCI(Z (2)98) o0 0.80 0.018 doquinoxaline-based reduction of the mdole-free compléxes
MeOH (298) 565 031 0.0046 and2c (ca.—_1.0_5 and—0.9_8 V vs SCE, respectwely,_see below)
buffe® (298) 569 0.15 0.0025 and the emission energies of these complexes in 77 K glass
glass (77) 506 6.61 (E% = 2.48 and 2.46 eV, respectively), the reduction potentials
lc CH.Cl, (298) 547 1.25 0.417 of the excited rhenium(l) complexe&’[Re**/0], have been
kr\)/IeOH (298) 565 0.41 0.095 estimated to be cat1.43 and+1.48 V vs SCE, respectively.
uffer® (298) 568 0.21 0.048 ; . i :
glass (77) 502 6.82 On the basis of these potentials and the redox potential of indole
2a CH,Cl, (298) 558 0.43 0.015 (E%indole™™] < +1.06 V vs SCEf#dn250b.27¢eductive quench-
MeOH (298) 569 0.26 0.0069 ing of the excited complexekc and2c by indole is favored by
bll‘fg?g’b(g?s) g’gg g-gg 0.0019 > 0.37 and 0.42 eV, respectively. Thus, it is likely that the
o gH2C|2 (298) 556 051 0.015 emission quenching of the indole-containing complexes occurred
MeOH (298) 568 0.25 0.0036 via an electron-transfer mechanism (Ret indole —~ R’ +
buffer (298) 568 0.23 0.0012 indole™). Interestingly, Gray and co-workers have demonstrated
glass (77) 505 5.83 photoinduced electron transfer between tricarbonylrhenium(l)
2¢ ’\C/Il;g:#((zzggs)) 552% %‘3% %‘%ﬁ% diimine wires and aromatic amino acid residues such as
buffer (298) 569 0.22 0.0035 tryptophan in metalloproteirf§.c We have performed Stern
glass (77) 506 5.65 Volmer analysis to study the emission quenching of the indole-

a[Re] = 50uM. P Potassium phosphate buffer at pH 7.4 containing 20% free complexed.c and_ZC_ by uand_lf'ed indole. The _Stefﬂ

MeOH. ¢ EtOH/MeOH (4:1, Viv). Volmer plot for the emission quenching of complbexby indole
is shown in Figure S2. The corrected bimolecular quenching

these rhenium(l) dipyridoquinoxaline complexes has been rate constants for complexds and2c have been determined
assigned to aMLCT (dz(Re) — s*(dpa/dpga)) excited  to be 1.3x 10 and 1.9x 10 dm? mol-! s, respectively.
state>6ab.7ac81314abd15,16ac17.18 19200202182 The slightly ~ These constants are comparable to the self-quenching rate
lower emission energy of the dpga complexes compared to thatconstants of the indole complexes ((3&8) x 10° dm® mol!
of the dpg analogues (Table 3) is due to the electron- s1 Table S2), indicating that intermolecular electron transfer
withdrawing amide group of the dpga ligand, which stabilizes plays an important role in the self-quenching of the indole
thesr* orbitals of the dipyridoquinoxaline ligand and thus lowers  complexes.
the3MLCT emission energy. The emission of all the complexes  The emission quantum yields of these eipand dpga-indole
in alcohol glass at 77 K occurred at higher energy owing to the complexes in aqueous buffer are not very different from each
rigidochromic effect (Table 3 and Figure 2), which is commonly qther compared to those of related dp@nd dpga-biotin
observed in luminescent rhenium(l) polypyridine com- complexes we reported recentf:i For example, the emission
plexes?7a829b.100 11ze.122¢,142150.17.24eh7] - Similar to other  guantum yields of the dpepiotin complexes are about 1 order
luminescent rhenium(l) polypyridine complexes, all the current ¢ magnitude higher than those of the dpdpiotin complexe?o:
dipyridoquinoxaline complexes showed decreasing emission The emission guantum yields of complexasb and2a,b were,
quantum yields upon increasing the polarity of the solvents. however, of the same order of magnitude. A possible reason is
However, the reduction in the emission quantum yields of the hat the emission of the current dpgand dpga-indole
dpga complexe@a—2c upon changing the solvent from GH  ¢omplexes was substantially quenched by the indole moiety.
Cl2 to aqueous buffer was larger than that of the dpq complexes on the basis of their high solvent-sensitivity, these rhenium(l)
la—1c(Table 3). This significant change has been ascribed to gipyridoquinoxaline indole complexes are promising lumi-
hydrogen-bonding interactions of the amide group of the dpga nescent probes for biological receptors since the substrate-

ligand with water molecule&!2sc20n.282 _ binding pockets of many biological hosts are hydrophobic in
The emission quantum yields and lifetimes of the tricarbo- natyre.

nylrhenium(l) indole complexe$a,b and2ab were consider-
ably lower and shorter than those of their indole-free counter-
parts 1c and 2c (Table 3). Also, contrary to the indole-free

Electrochemical Properties.The electrochemical properties
of the tricarbonylrhenium(l) dipyridoquinoxaline complexes
. e . have been studied by cyclic voltammetry, and the electrochemi-
compllexes, the emission lifetimes Qf Fhe.lndole COMPIEXES | yata are listed in Table 4. All the complexes displayed a
gxh|b|ted coqcentrgtlon-dependencg, |pd|cat|ve ofa S‘.3If'q“enCh'quasi-reversibIe/irreversibIe rhenium(l1/1) oxidation wave at ca.
ing process in vv_hlch th_él\(ILCT emission of the rhe_mum(l)-  +1.8V vs SCEe.7c11aee 12a,13ad,14,15¢,16,17,18b.c 192, 200,6:246¢] The
dlpyndoqwnoi(allne moieties was quenched by the indole unit. ;416 complexes exhibited an additional irreversible wave/
The plot ofz " vs [Re] for complexia s sh_own in Figure S1 quasi-reversible couple at c&l1.1 V, which has been assigned
as an example. The corrected self-quenching rate conskaf)ts (15 the oxidation of the indole urif@h.2s027cThis assignment
and emission Ilfetlmes_at infinite dilutiorrify) of the_ 'ndOIG_' has been supported by the fact that similar waves at comparable
containing complexes in Ci€l; have been determined using entials were observed for the uncoordinated ligands

eq 1, and the data are listed in Table S2. The lifetimes at infinite py-3-CONHGH.-indole and py-3-CONHGH1,CONHGH-
dilution (ca. 1us for complexedab and 0.5us for complexes  ji4oje (ca. +1.1 and+1.3 V. respectivelv¥dh The first
2ab) are shorter than those of complexiesand2c (Table 3), I (ca. +1. - pectivelyj: '

suggestive of some intramolecular quenching (intramolecular (34) (a) Klein, R.: Tatischeff, I.- Bazin, M. Santua, & Phys Chem

quenching rate constants estimated to be cas1¥. Due to 1981, 85, 670. (b) Kasama, K.: Takematsu, A.; Aral, $.Phys Chem
the lack of spectral overlap between the emission spectra 0f1982 86, 2420.
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Table 4. Electrochemical Data of Complexes Xalc and

2a—2¢
complex oxidationEy s, or E/V reduction,E;, or E¢/V
la +1.10° +1.84 —1.10P —1.28¢ —1.59¢ —1.81°
1b +1.06° +1.83 —1.08¢ —1.29¢ —1.59¢ —1.81°
1c +1.89 —1.05¢ —1.29¢ —1.59¢ —1.8%
2a +1.06¢+1.87 —0.97,—1.60¢ —1.79P —2.03
2b +1.09¢ +1.81° —0.97,—1.62¢ —1.82P —2.08
2c +1.85% —0.98¢ —1.59¢ —1.78P —2.03

aJn CHsCN (0.1 mol dn3 "BusNPFs) at 298 K, glassy carbon electrode,
sweep rate 100 mV4, all potentials vs SCE Irreversible waves: Quasi-
reversible couples.

Table 5. Results of Titrations of Complexes 1a,b and 2a,b
with BSA in 50 mM Potassium Phosphate Buffer at pH
7.4/MeOH (95:5, v/v) at 298 K

complex 11162 /TP Ka n
la 8.3 1.1 1.6x 10 0.6
1b 8.0 1.1 3.5x 10* 0.5
2a 12.4 1.5 1.1x 10¢ 0.8
2b 13.4 1.3 3.3x 10 0.6

al, andl are the emission intensities of the rhenium(l) indole complexes
(0.22 mM) in the presence of 0 and 1 mM BSA, respectively andr
are the emission lifetimes of the rhenium(l) indole complexes in the presence
of 0 and 1 mM BSA, respectively.
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Figure 3. Time-resolved emission spectra of comp@&x (0.22

mM) in the absence (- - -) and preseneg) of BSA (1 mM) in 50

mM potassium phosphate buffer at pH 7.4/MeOH (95:5, v/v) at
298 K.

0 n
400 750

reduction waves/couples for all the complexes have been
attributed to the reduction of the dipyridoquinoxaline li-
gands7_c,10b,11a,ee,12a,13a,d,l4,15c,iﬁ8,19a,20b,c,23,24d‘,h—j The first
reduction of the dpga complexes (cal.0 V) appeared at a
slightly less negative potential than that of their dpg counterparts

Lo et al.
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Figure 4. Emission titration curves for complex2a (0O), 2b (@),
and2c(a) (0.22 mM) with BSA.l andl, are the emission intensities
of the solutions in the presence and absence of BSA, respectively.

the decay remained single-exponentfalThe time-resolved
emission spectral traces of compl2l upon addition of BSA

are shown in Figure 3. The emission titration curves for
complexes2a—2c with BSA are illustrated in Figure 4. The
changes of photophysical properties have been attributed to the
specific binding of the indole moiety of the complexes to the
protein because the indole-free complexesand 2c did not

give similar observations. The increase of emission intensities
and lifetimes of the indole complexes should be closely related
to the higher hydrophobicity and rigidity of their local sur-
roundings upon binding to the protein. Another possible
explanation is that intermolecular electron transfer between the
rhenium(l) indole complexes was inhibited upon the protein-
binding event. Importantly, the emission enhancement factors
of these complexes are higher than those of related rhenium(l)
indole complexes we reported previoudt:" The main reason

is that the emission of these free tricarbonylrhenium(l) dipyri-
doquinoxaline indole complexes in aqueous buffer was very
weak. In particular, the dpegéndole complexes showed higher
BSA-induced enhancement factors compared to the dpq com-
plexeslab because of the hydrogen bonding between the amide
substituent and water molecules. The binding const&ajsaqd
binding stoichiometrien) determined from Scatchard analyses
are listed in Table 5. These values are of the same order of
magnitude as tryptamin&{= 1.1 x 10* M~%, n= 1),3indole-
3-acetic acidK, = 1.7 x 10* M1, n = 1),%6 5-hydroxyindole-
3-acetic acid Ko = 2.0 x 10* M1, n = 1).36 a platinum(ll)
poly(ethylene glycol) complexz = 2.7 x 10* M1, n=1)%"

and other rhenium(l) indole complexeés(= 1 x 10* M~1, n

= 0.5 to 0.8)?*¢h The binding constants of complexga and

2a are smaller than those of complex#s and 2b, indicating

(ca. —1.1 V), which can be accounted for by the electron- that a longer spacer arm can alleviate the steric hindrance
withdrawing amide substituent on the dpqga ligand. Additionally, between the tricarbonylrhenium(l) dipyridoquinoxaline units and
all the complexes showed quasi-reversible/irreversible wavesthe protein.

at more negative potentials. These features have been tentatively
assigned to the reduction of the dipyridoquinoxaline ligands,
except for those at ca=1.6 V, which could be associated with
the rhenium(1/0) couplésa.18¢

(35) The unparallel increase of emission intensities and lifetimes of the
complexes upon binding to BSA was a result of a change of the radiative
decay rate constark;,. Actually, the reduction of emission quantum yields
and lifetimes of the complexes from GEl, to buffer solutions was different

feci et : : SO (Table 3). These results indicate that thevalues of the complexes were
Emission Titrations with BSA. The possible binding of the different in various solvents (for example, tkevalue of complexic in

current tricarbonylrhenium(l) dipyridoguinoxaline complexes to  puffer was 70% of that in CCl,, while the k. value of complexc in
BSA, a common indole-binding protein, has been studied by buffer was only 5% of that in CkCl2). We do not fully understand the

s T . . reasons for this change lnin different solvents or upon the protein-binding
em'ss'on t'tr‘?‘t!on experlments.. Whereals.the '”dc?'e Comple).(esevent. However, it is possible that the interaction of the quinoxaline nitrogens
did not exhibit any change in the visible region of their of the diimine ligands with protons in buffer leads to static emission

absorption spectra, their emission intensities were enhanced caqume_nc_higgn?frt]het_Complﬁxefi C?i;/ingnzise_ t?] ?fg{?r;iter extent of decrease of
8.0 to 13.4 times in the presence of BSA (Table 5). The emission & Mas o IMENS{IES COMParee fo emssion Hetrmes,

oY L ) (36) Okabe, N.; Adachi, KChem Pharm Bull. 1992 40, 499.
lifetimes were concomitantly extended ca. 1.1 to 1.5 times and  (37) Che, C.-M.; Zhang, J.-L.; Lin, L.-RChem Commun 2002 2556.
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Figure 5. Plots of v~1 vs [L-serine}? for the TPase inhibition
assays, in which complexela (+), 1b (v), and 1c (M), indole
(®), and no inhibitor A) were used.

Table 6. Percentage Inhibition of TPase Activity by
Complexes la-1c and 2a-2c, and Indole at [L-serine] = 800
mM and Michaelis Constants for the TPase Assays in 0.15

mM Potassium Phosphate Buffer at pH 8.0 at 310 K

compound inhibition/% Km/mM2

la 64 (1.5) 389 (26.8)
1b 68 (2.4) 323 (37.7)
1c 0(3.0) 381 (39.0)
2a 64 (2.1) 388 (29.1)
2b 65 (0.7) 298 (28.9)
2c 44 (0.6) 307 (23.9)
indole 48 (2.1) 328 (34.6)

a Standard deviations are shown in parentheses ).

TPase Inhibition Assays.TPase catalyzes a variety @ff-
elimination andg3-replacement reactions of amino acid substrates
in the presence of the cofactor pyridoxal 5-phospRate.is
known that indole can inhibit the activity of this enzyi¥¥lo
study the possible binding of the current tricarbonylrhenium(l)

indole complexes to this enzyme, inhibition assays based on

the conversion of-serine to pyruvate have been studiéd@he

Organometallics, Vol. 26, No. 14,3007

caused 44% inhibition of the enzyme activity. We cannot
exclude the possibility that the amide substituent of the dpga
ligand also interacts with TPase. The Michaelis constadfits (

for the enzyme activity have been determined from plots of the
linear transform of the MichaelisMenten equatio® The plots

of 71 vs [L-serine]! for the TPase inhibition assays for
complexesla—1care shown in Figure 5. Th€n, values of the
complexes ranged from 298 to 389 mM (Table 6). The similar
values reveal that the inhibition of the TPase-catalyzed conver-
sion of L-serine by the indole complexes occurred in a
noncompetitive fashion. For this reason, the length of the spacer
arms of the complexes plays only a minor role in the binding
of substrate to the enzyme.

Summary

A series of luminescent tricarbonylrhenium(l) dipyridoqui-
noxaline indole complexes have been synthesized and character-
ized, and their photophysical and electrochemical properties have
been investigated. The binding of the indole complexes to BSA
and TPase has been studied by emission titrations and enzyme
inhibition assays, respectively. Importantly, the emission intensi-
ties of the indole complexes were enhanced upon binding to
BSA. The use of the dpga ligand gave higher BSA-induced
emission enhancement factors compared to the dpg complexes
due to the extremely weak emission of the free complex as a
result of the hydrogen-bonding interactions between the amide
substituent and water molecules. The changes in the photo-
physical properties are reasonably large for the purpose of
homogeneous binding assays. We anticipate that sensitive
biological probes can be developed using related organometallic
luminophore-quencher conjugates.
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formation of pyruvate was coupled to the lactate dehydrogenase/  supporting Information Available: X-ray data (CIF) of [Re-
NADH system and hence could be reflected by a decrease of(dpga)(CO)(pyridine)](PK), electronic absorption spectral data of

the absorbance at 340 nm due to the consumption of NADH.

At [L-serine] = 800 mM, unmodified indole inhibited the

complexesla—1c and2a—2c at 298 K, corrected self-quenching
rate constants and emission lifetimes at infinite dilution of

enzyme activity by ca. 48% under the experimental conditions complexeslab and2ab in CH,Cl, at 298 K, a plot o1 vs [Re]
employed. The rhenium(l) indole complexes caused a decreasdor complexlain CH,Cl, at 298 K, and a SternVolmer plot for

of the enzyme activity by ca. 6468% (Table 6). It is
conceivable that the inhibition resulted from binding of the

the emission quenching of complék by indole in CHCI, at 298
K. This material is available free of charge via the Internet at

indole moieties of the complexes to the enzyme. Whereas thehttp://pubs.acs.org.

control complexlc did not show any inhibition, comple&c

OMO0700617
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