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a b s t r a c t

We present the synthesis and characterization of a series of dioxime and pyridine-2-aldoxime complexes
of rhenium(I) tricarbonyl. Complexes of the formula ReLðCOÞ3X (L = dioxime (1,2), dimethylglyoxime
(3,4), diphenylglyoxime (5,6), 1,2-cyclohexanedione dioxime (7,8); X = Cl, Br) can be readily generated
by reaction of the neutral ligand with ReðCOÞ5X (X = Cl, Br) or ½ReðCOÞ3ðH2OÞ3�Br. A similar set of pyri-
dine-2-aldoximes of the formula ReLðCOÞ3X (L = pyridine-2-aldoxime (9,10), 2-pyridylamidoxime
(11,12); X = Cl, Br) can also be synthesized in an analogous fashion. Compounds 1–6, 9 and 12 were char-
acterized by single crystal X-ray diffraction. These complexes all exhibit bidentate coordination of the
oxime ligands as well as the expected facial arrangement of carbonyls around the metals with the halides
completing the octahedral coordination spheres. The oxime groups remain protonated in all of the com-
plexes. Compounds 1–12 all exhibit absorptions in the UV–Vis region resulting from MLCT transitions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Because of their stability as well as their interesting chemical,
physical, and biological properties, there have been numerous
studies of organometallic and coordination compounds with a-dii-
mines. Examples of complexes of diimines can be found across the
transition metals [1], and d6 complexes, such as those of group 7,
have been much studied [2]. The types of diimines that have been
investigated can be broken down into ligands with two, one, or no
basic heterocycles as part of the a-diimine (Scheme 1), as shown
for the 2,2’-bipyridine ligand [1a], pyridinecarbaldehyde imine
(pyca) ligand [2d] and diazabutadiene (dab) [3], respectively. The
pyca and dab ligands have been prepared with a variety of aliphatic
and aromatic amines [4] including amino acids, amino esters and
amino alcohols [5].

Less has been reported of group 7 d6 compounds with pyca or
dab ligands that have heteroatoms attached to the imine nitro-
gen(s) (Scheme 1) [6]. There have been several studies by Abram
and coworkers that report several thiosemicarbazone complexes
of rhenium(I) [6c,6d,6e,6f,6g,6j]. Surprisingly, the very common
dioxime family of ligands has not been extensively studied with
this family of transition metal ions. Notably, this includes the com-
mon dimethylglyoxime (DMG) ligand. Recently, we have been
investigating the fundamental chemistry of the ReðCOÞþ3 fragment,
in large part motivated by the use of this unit as a model for
All rights reserved.
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TcðCOÞþ3 based imaging agents as well as 186=188Re radionuclide
therapeutics. We are interested in exploring unstudied ligands
and, in light of this overall goal, we have presented reports on both
monodentate and tridentate ligand systems over the past several
years [7]. We have turned to DMG and related ligands to create a
series of ReðCOÞ3(bidentate-oxime)X compounds where X = Cl
and Br. The DMG chelate and related ligands are intriguing because
of their relevance to the clathrochelate, 99mTc(III) BATOS complex
[8] which has been used for the labeling of antibodies [9]. In addi-
tion, the analogous pyridine-2-aldoxime complexes of d6 com-
plexes have also not been explored, in spite of the ready
availability of compounds, such as pyridine-2-aldoxime and 2-
pyridylamidoxime.

This paper reports the fundamental chemistry of ReLðCOÞ3X
complexes where L is either a dioxime or a pyridine-2-aldoxime
and X is either chloride or bromide (Scheme 2). Complexes of the
formula ReLðCOÞ3X (L = dioxime (DHG 1,2), dimethylglyoxime
(DMG 3,4), diphenylglyoxime (DPG 5,6), cyclohexane dione diox-
ime (CHDD 7,8); X = Cl, Br) can be readily generated by reaction
of the neutral ligand with ReðCOÞ5X (X = Cl, Br) or solutions con-
taining ½ReðCOÞ3ðH2O3ÞBr. A similar set of pyridine-2-aldoximes
of the formula ReðLÞðCOÞ3X (L = pyridine-2-aldoxime (9,10), 2-pyr-
idylamidoxime (11,12); X = Cl, Br) can also be synthesized in an
analogous fashion. Nearly all of the complexes can be generated
in high yield; the bromide derivatives can also be prepared using
the ReðCOÞ3ðH2OÞþ3 cation. The resulting compounds exhibit dy-
namic behavior, as shown by 1H NMR spectroscopy, as well as
charge transfer transitions in the visible region. We believe that
these compounds might prove useful as targets for bifunctional
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Scheme 1. Representative a-diimine ligands including dioxime (bottom left) and
pyridine-2-oxime (right).
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chelating agent (BFCA) design [5d]. By replacement of the halides, a
targeting moiety could be attached to the Re tricarbonyl dioxime
fragment via attachment of a monodentate ligand, such as a isoni-
trile, pyridine or imidazole [10].

2. Results and discussion

2.1. Synthesis

In spite of the prevalent nature of oxime ligands in transition
metal chemistry, only six examples of N-bound rhenium oximes
have been deposited with the CCDC database [11]. Of these six
complexes, the majority are higher valent states (+3,+5) of rhe-
nium, and only one incorporates the ReðCOÞ3 moiety. Several struc-
tures are Re(III) analogs of the 99mTc(III) BATOS clathrochelate
complex. The single Re(I) example is composed of a bidentate
1,10-phenanthroline and a monodentate acetone N-oxime to
ReðCOÞþ3 . The oxime binds to the metal through the nitrogen and
in the neutral form, with charge balance being provided for
the Re(I) cation by a non-coordinating tetrakis(3,5-bis(trifluoro-
methyl)phenyl)borate. The Re–N bond is 2.18 Å, and the C–N bond
of the oxime measures 1.26 Å. The complex deviates slightly from
an ideal octahedral geometry; the bidentate phenanthroline has an
N–Re–N bond angle of � 76�, and the oxime is tilted slightly to-
ward the phenantholine, with Noxime—Re—Nphen bonds of 83� and
86�. The N-bound oxime can be converted to an O-bound oxime
on either reaction of the precursor Re(phen)(CO)3(OTf) with depro-
tonated oxime or upon reaction of the N-bound oxime with a base
[11e]. The O-bound oximato ligand is labile, and can be readily re-
placed with a series of unsaturated electrophiles.

The ReðCOÞ3X complexes of DHG, DMG, DPG and CHDD, where
X = Cl and Br (compounds 1-8, respectively) can be readily synthe-
sized by reaction of ReðCOÞ5X or ½ReðCOÞ3ðH2O3Þ�Br with a stoichi-
ometric amount of ligand. The solvent system for reactions of DHG,
DMG and DPG with ReðCOÞ5X is methanol. For the CHDD ligand,
methanol did not provide the desired product so benzene was used
instead. The reactions were carried out at reflux typically for 4–5 h,
however, the CHDD reactions required 24 h for completion. Alter-
natively, reactions of the ligands with ½ReðCOÞ3ðH2O3Þ�Br in water
required only 30 min. Maximum yields were obtained by adding
the reagents to the flask prior to the addition of solvent. As the
reactions proceeded, the solutions turned from colorless to orange
or brown. Typically, pure product in high yield could be obtained
by simple evaporation of the solvent and washing of the resultant
solid, however, for the CHDD reactions, column chromatography
using silica with 15% methanol in ethyl acetate was required to
isolate the pure complexes. All of the reactions afforded pure
crystalline solids; the DHG, DMG, and DPG complexes are all
orange, while the CHDD complexes have a yellow-brown hue.
The ReðCOÞ3X complexes of pyridine-2-aldoxime and 2-pyr-
idylamidoxime, where X = Cl and Br (compounds 9–12), were gen-
erated in an identical fashion as the dioxime complexes described
above using methanol as the solvent. The reaction solutions also
changed color as the reaction proceeded to form the colors de-
scribed above. High purity material of 9–12 can be produced with-
out chromatography via recrystallization.

2.2. X-ray structure elucidation

The structures of compounds 1–6 were elucidated by single
crystal X-ray diffraction (Fig. 1 and Table 1). The structures of
ReðCHDDÞðCOÞ3X (7 and 8) were not successfully elucidated due
to twinning problems, but connectivity structures from partially
solved data sets confirmed the same coordination mode as in the
other dioxime complexes. Table 2 lists some of the key bond
lengths and angles in these complexes. All of the complexes have
slightly distorted octahedral geometries, with the three carbonyls
arranged in a facial configuration as expected for d6 ReðCOÞþ3 com-
pounds. The dioxime ligands bind to the metal in a bidentate fash-
ion through the nitrogen atoms, and the oxime oxygen atoms
remain protonated. The last sites in the coordination spheres of
1–8 are occupied by chloride for 1, 3, 5 and 7 and bromide for 2,
4, 6 and 8. The C–O bonds of the carbonyls are typical for
ReðCOÞþ3 complexes with the bond lengths in the range of �1.14–
1.16 Å [7]. The Re–C bonds have standard lengths, with ranges of
�1.87–1.95 Å, and the Re–X bonds are as expected for these com-
plexes. The metal–nitrogen bonds of the dioxime have bond
lengths that range between �2.13 and �2.16 Å. In diimine com-
plexes of the ReðCOÞþ3 fragment, the corresponding Re–N bonds
are slightly longer, ranging from �2.14 to �2.26 Å [10]. The C@N
bonds of the in the DMG complexes average �1.29 and �1.31 Å
for the chloride and the bromide, respectively. These lengths are
comparable to other d6 metal ion dioxime complexes, such as
TcðDMGÞ3Cl where the distance is �1.30 Å, but are longer than
those observed in neutral DMG, where the C@N bond is �1.28 Å
[8a]. Such lengthening, which can also be deduced from the MLCT
transitions present in these compounds (vide infra), is indicative of
p back bonding to the metal. In the diimine complexes of ReðCOÞþ3 ,
the imine bond lengths exhibit a larger variance, ranging from 1.26
to 1.35 Å [12].

The deformations from an ideal octahedral geometry are
small for complexes 1–6, but they are consistent across the ser-
ies. The bite angle of the dioxime is significantly less than 90�,
averaging approximately 72� for the N–Re–N bond. In addition,
the halides are slightly tilted toward the dioxime unit in all six
structures. These angles range from 88.99(18)� for the Br–Re–N
angle in 4 to a Br–Re–N bond angle of 82.74(15)� for compound
2. Although there may be a small degree of interaction between
the conjugated p system of the dioxime and the halogen, these
angles are small overall and may result only from crystal packing
forces.



Fig. 1. The structures of compounds 1–6 with 50% thermal ellipsoids. Hydrogen atoms and solvent molecules have been omitted for clarity.
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Two of the four pyridine-2-aldoxime complexes were success-
fully elucidated by single crystal methods. The structures of com-
pounds 9 and 12 are shown in Fig. 2 and selected bond distances
and angles are listed in Table 2. The two complexes are isostruc-
tural and closely resemble the dioxime complexes; they both ex-
hibit octahedral geometries with a facial configuration of the
carbonyls. The C–O bond lengths average 1.15 Å for both com-
pounds. The Re–C bonds in 9 and 12, average 1.91 Å. Both me-
tal–halide bond lengths are in the typical range for these
ReðCOÞ3X complexes. The ligands bind to the metal in a bidentate
fashion directly analogous to the dioxime complexes, and the
oxime oxygen similarly remains protonated upon coordination.
The Re–N bond lengths are longer for the pyridyl nitrogen
(2.182(6) for 9 and 2.189(7) for 12) than for the oxime nitrogen
(2.154(6) for 9 and 2.163(7) for 12), which reflects the difference
in basicity between the two ligand types. The disparity in the
average pyridyl C@N distances and oxime C@N distances of
�1.36 and �1.29 Å, respectively, is indicative of the presence of
the aromatic ring. These distances are similar to those observed
for ReðCOÞ3(dab-XXX-OR) compounds that we presented in an
earlier publication [5e]. As in 1–6, the pyridine-2-aldoxime
complexes deviate from ideal octahedral geometries in their
N–Re–N bite angle and in the halide tilt. The N–Re–N bonds
are in the same range as the dioxime complexes, but compounds
9 and 12 have a slightly larger angles (74.0(2)� and 72.9(3)�). The
halide tilts are also oriented toward the bidentate ligand, and
range from 81.97(15)� for complex 9 to 86.24(19)� for complex
12.
2.3. Spectroscopic characterization

All of the compounds exhibit carbonyl stretching modes in the
IR spectrum that correspond to the pseudo-C3v symmetry (a1 and e
modes) of the facial arrangement of the CO units. Due to the reduc-
tion from C3v to either Cs or C1 symmetries, the normally degener-
ate e stretch (lower frequency) splits into two bands. The dioxime
complexes 1–8 have Cs symmetries (ignoring the possible confor-
mations of the ligand in the diphenyl complex) while the pyri-
dine-2-aldoxime compounds have C1 symmetries. The splittings
are small, on the order of 20–30 cm�1. The pyridine-2-aldoxime
complexes 9–12 show a larger splitting of the normally degenerate
e stretch due to their decreased symmetry, in the range of 30–
50 cm�1.

The majority of the observed 1H and 13C NMR resonances are as
expected for these compounds. However, for the DMG and DHG
complexes, we observed two sets of resonances for the hydrogens
on the dioxime ligand. Similar extra resonances can also be ob-
served in several of the 13C NMR spectra. We surmised that the
appearance of multiple resonances might result from the confor-
mation of the oxime O–H bond with the hydrogen in this bond to-
ward the carbonyls or facing the hydrogens on the dioxime ligand.
In order to investigate this possibility, we collected a 1H NOESY
spectrum on 2. Although the 1H NOESY spectrum seemed to sug-
gest two possible rotational isomers, a follow up variable temper-
ature 1H NMR (VTNMR) spectrum indicated that 2 was actually
reacting with solvent rather than engaging in a dynamic process.
Fig. 3 shows the effect of increasing heat on a d6-DMSO solution
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of 2. At 40 �C, the spectrum exhibits two peaks for the sp2 hydro-
gen, 8.20 ppm (98%) and 7.73 ppm (2%). As temperature increases,
the 7.73 ppm peak increases and splits at 60 �C into several reso-
nances, and the 8.20 ppm peak decreases and splits as well. With
increasing temperature, two products then appear to form in the
spectrum, and this spectrum remains unchanged upon cooling.
We propose that the complex is reacting with solvent to form a
complex such as ½ReðDHGÞðCOÞ3ðDMSOÞ�þ. Dimethylsulfoxide com-
plexes of ReðCOÞ3 are well known [13], and this solvent can bind to
the metal in multiple modes, which may account for the multiplic-
ity of peaks. We are continuing our investigations into these reac-
tions as means to generate BFCA complexes with dioxime rhenium
complexes.

All twelve complexes are either orange or brown, and each has
an absorption band centered in the UV region with a tail extending
into the visible region, resulting in the observed hues. Fig. 4 shows
the spectra for several of the compounds presented in this report.
The energies of these absorptions in methanol range from 351 nm
for compound 11 to 392 nm for compound 6. In all cases, the wave-
length of the absorption is greater for the bromide than the chlo-
ride complex. We can characterize these absorptions as primarily
caused by metal to ligand charge transfer (MLCT) transitions due
to the readily observable solvatochromism. As one decreases the
polarity of the solvent, such as from methanol to toluene, the MLCT
transition undergoes a bathochromic shift. For example, the
absorption band in compound 2 appears at 390 nm and 420 nm
in methanol and toluene, respectively. The extinction coefficients
for these transitions are on the order of �2000 to 4500 cm�1 M�1.
These values are on the same order of magnitude as those seen in
Re(I)(bpy)ðCOÞ3L complexes [14].

2.4. Conclusions

Dioxime and pyridine-2-aldoxime complexes of ReðCOÞþ3 can
be readily generated by reaction of the ligands with ReðCOÞ5X
or ½ReðCOÞ3ðH2O3ÞBr. These compounds represent a significant
addition to the oxime coordination chemistry of d6 metal com-
plexes. In all cases, the resultant complexes are typical Re(I) com-
pounds with a facial arrangement of the carbonyls. The ligands
bind in their neutral form, since the oxime ligands remain
protonated. Variable temperature NMR experiments have shown
that these compounds do react with solvents such as DMSO to
afford substituted species, presumably through solvolysis of the
halide. Lastly, these compounds are colored due to a MLCT band.
We are continuing our work with these complexes to investigate
both their physical and chemical properties as well as
evaluate them as precursors for bifunctional chelate-based imag-
ing agents.
3. Experimental

3.1. Spectroscopic methods and materials

All reagents were purchased from Strem, Acros Organics or Sig-
ma–Aldrich and used as received. UV–Vis absorption experiments
were carried out on Hitachi 3100 single monochromator and Hit-
achi U-2800A UV–Vis spectrophotometers. Solution NMR spectros-
copy was performed on Varian VXR 300 MHz and Varian 400 MHz
NMR instruments. IR spectra were recorded on a Nicolet NEXUS
870 FT-IR Esp and Perkin Elmer Spectrum One FT-IR spectrometers.
Elemental analyses were carried out at the School of Chemical Sci-
ences Microanalytical Laboratory at the University of Illinois at Ur-
bana-Champaign or Atlantic Microlab of Norcross, GA 30091. Mass
Spectrometric analyses were carried out at Mass Spectrometry and
Proteomics Facility at the Ohio State University in Columbus OH.



Table 2
Selected bond lengths and angles for 1–6, 9 and 12.

Compound 1 2 3 4 5 6 9 12

Re–Cl (Å) 2.513(4) 2.493(3) 2.5014(14) 2.4811(17)
Re–Br (Å) 2.6334(12) 2.6252(13) 2.633(2) 2.6405(14)
Re–C(Å) 1.930(9) 1.954(7) 1.928(11) 1.915(10) 1.933(6) 1.902(19) 1.940(8) 1.913(10)

1.894(13) 1.923(7) 1.903(16) 1.961(15) 1.936(6) 1.875(17) 1.913(7) 1.904(9)
1.921(8) 1.908(6) 1.931(19) 1.922(7) 1.917 (10)

Re—Noxime (Å) 2.165(6) 2.144(6) 2.161(8) 2.155(7) 2.140(4) 2.144(11) 2.154(6) 2.163(7)
2.161(5) 2.148(4) 2.130(12)

Re—Npy (Å) 2.182(6) 2.189(7)
N–Re–N (�) 72.5(4) 72.3(2) 72.0(4) 72.1(4) 72.29(15) 71.3(4) 74.0(2) 72.9(3)

Fig. 2. The structures of compounds 9 (left) and 12 (right) with 35% thermal ellipsoids. Hydrogen atoms and solvent have been omitted for clarity.
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The synthesis of ½ReðCOÞ3ðH2O3Þ�Br was carried out as previously
described [15].

3.2. NOESY spectroscopy

Phase sensitive 1H� 1H 2D NOESY (Nuclear Overhauser
Enhancement Spectroscopy) experiment was carried out at 30 �C
on Varian Inova750 MHz spectrometer equipped with the 5mm
H/C/N triple resonance Pulsed Field Gradient (PFG) probe. A 1H
p=2 pulse width of 8:6 ls was used in the experiment. The 2D data
was collected using a relaxation delay of 2 s and a mixing time of
2 s with the spectral window of 12712.5 Hz in both dimensions.
The acquired data consists of 4096 points in F2 dimension and
256 complex points for F1 dimension, with 16 transients for each
increment. The data were weighted with shifted sine bell window
functions in both dimensions and zero-filled with 4096 � 4096
data points before the final 2D transformation.

3.3. X-ray crystallography

X-ray intensity data were measured at 100 K (Bruker KYRO-
FLEX) on a Bruker SMART APEX CCD-based X-ray diffractometer
system equipped with a Mo-target X-ray tube (k = 0.71073 Å) oper-
ated at 2000 W power. The crystals were mounted on a cryoloop
using Paratone N-Exxon oil and placed under a stream of nitrogen
at 100 K. The detector was placed at a distance of 5.009 cm from
the crystals. The data were corrected for absorption with the SADABS

program. The structures were refined using the Bruker SHELXTL Soft-
ware Package (Version 6.1), and were solved using direct methods
until the final anisotropic full-matrix, least squares refinement of
F2 converged [16]. Additional experimental detail is provided in
Table 1.

Syntheses of 1, 3 and 5: The following general procedure was
used in each synthesis. ReðCOÞ5Cl (150 mg, 0.415 mmol) was
mixed with 1 equivalent of ligand (0.415 mmol) and methanol
(15 mL) was then added to the flask. During the four hour reflux,
the solution turned from colorless to orange-red. Upon completion
of the reaction, the solvent was removed by rotary evaporation,
resulting in a red, orange or brown solid.

Synthesis of 2, 4, and 6: The following general procedure was
used in each synthesis. ½ReðCOÞ3ðH2OÞ3�Br (100 mg, 0.247 mmol)
was mixed with 1 equivalent of ligand (0.247 mmol). Distilled
water (15 mL) was added, and the solution was heated to reflux
for 30 min yielding an orange or orange-red solution. Solvent
water was removed with a rotary evaporator. Compound 6 was
purified with methylene chloride and 2 with acetone then sepa-
rated via pipette.

Synthesis of 7 and 8: The following general procedure was used
in each synthesis. ReðCOÞ5Cl or ReðCOÞ5Br (0.276 mmol) and one
equivalent of 1,2-cyclohexanedione dioxime (0.276 mmol) were
dissolved in 10 mL of benzene. Reaction mixtures were refluxed
for 24 h, and then the solvent was removed by rotary evaporation.
Unlike the previous syntheses, these solutions were yellow-brown.
The product residues were then purified by column chromatogra-
phy on silica gel with 15% methanol v/v in ethyl acetate as the elu-
ent. The resultant solution was filtered, and red-black crystals were
obtained from slow evaporation.

Syntheses of 9, 10, 11 and 12: The following general procedure
was used in each synthesis ReðCOÞ5Cl or ReðCOÞ5Br (0.276 mmol)
and one equivalent of either pyridine-2-aldoxime or 2-pyr-



Fig. 3. 1H VTNMR at ten degree increments of the C–H region of 2 in d6-DMSO from 40 �C (1) to 100 �C (7).
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idylamidoxime (0.276 mmol) were dissolved in either benzene or
toluene (10 mL). Reaction mixtures were refluxed for 24 h, and
the solvent was removed by rotary evaporation. As the reaction
proceeded, the color changed from clear to red. Pure black-red
material was isolated upon recrystallization of the reaction
residue.

Compound 1. Yield 132 mg (81%). 1H NMR (400 MHz, d6-DMSO,
d): 13.31 (s), 11.63 (s), 8.16 (s), 7.73 (s) ppm. 13C NMR (400 MHz,
d6-DMSO) 196.4, 185.8, 150.4, 145.4 ppm. High res. ESI MS (posi-
tive ion): 416.9260 (M+Na). CHN Anal. Calc. for ReC5H4O5N2Cl: C,
15.25; H, 1.02; N, 7.11. Found: C, 15.89; H, 1.25; N, 7.17%. IR (CO
stretch, cm�1): 2036, 1947, 1886. UV–Vis absorption kmax (MeOH)
383 nm (e ¼ 3:9� 103 M�1 cm�1Þ. X-ray crystallography: Crystal
data and structure refinement parameters are summarized in Table
1.

Compound 2. Yield 100 mg (92%). 1H NMR (400 MHz, d6-DMSO,
d): 13.32 (s), 11.65(s) 8.20(s), 7.73(s) ppm. 13C NMR (400 MHz, d6-
DMSO) 195.3, 184.9, 151.3, 147.1 ppm. High res. ESI MS (positive
ion): 460.8759 (M+Na). CHN Anal. Calc. for ReC5H4O5N2Br: C,
13.70; H, 0.92; N, 6.39. Found: C 14.79; H, 1.01; N, 6.41%. IR (CO
stretch, cm�1Þ: 2028, 1876. UV–Vis absorption kmax (MeOH)
390 nm (e ¼ 2:9� 103 cm�1 M�1Þ. X-ray crystallography: Crystal
data and structure refinement parameters are summarized in Table
1.

Compound 3. Yield 172 mg (98%). 1H NMR (400 MHz, d6-ace-
tone, dÞ: 12.82 (s), 11.65 (s), 2.77 (s), 2.19 (s) ppm.13C NMR
(400 MHz, d6-acetone): 195.5, 187.1, 161.2, 153.0, 13.7 9.32 ppm.
High res. ESI MS (positive ion): 444.9577 (M+Na). CHN Anal. Calc.
for ReC7H8O5N2Cl: C, 19.93; H, 1.91; N, 6.64. Found: C, 20.25; H,
1.95; N, 6.70%. IR (CO stretch, cm�1Þ: 2032, 1938, 1916. UV–Vis
absorption kmax (MeOH) 354 nm (e ¼ 3:2� 103 cm�1 M�1Þ. X-ray
crystallography: Crystal data and structure refinement parameters
are summarized in Table 1.

Compound 4. Yield 78 mg (67%). 1H NMR (400 MHz, d6-acetone,
dÞ: 11.73 (s), 2.23 (s) ppm; 13C NMR (400 MHz, d6-acetone): 195.7,
187.1, 161.8, 153.7, 14.4, 9.90 ppm. High res. ESI MS (positive ion):
488.9072 (M+Na). IR (CO stretch, cm�1Þ: 2031, 1938, 1917. CHN
Anal. Calc. for ReC7H8O5N2Br: C, 18.03; H, 1.73; N, 6.01. Found:
C, 17.98; H, 1.70; N, 5.82%. UV–Vis absorption kmax (MeOH)
361 nm (e ¼ 2:8� 103 cm�1 M�1Þ. X-ray crystallography: Crystal
data and structure refinement parameters are summarized in Table
1.

Compound 5. Yield 198 mg (87%). 1H NMR (300 MHz, d6-DMSO,
dÞ: 7.27 (m), 7.14 (m) ppm; 13C NMR (400 MHz, d6-DMSO, dÞ:
196.2, 186.2, 162.0, 130.5, 130.3, 129.6, 128.6 ppm. ESI MS (posi-
tive ion): 568.9833 (M+Na) IR (CO stretch, cm�1Þ: 2035 (s), 1917
(s). CHN Anal. Calc. for ReC17H12O5N2Cl: C, 37.39; H, 2.21; N,
5.13. Found: C, 36.96; H, 2.18; N, 5.16%. UV–Vis absorption kmax

(MeOH) 386 nm (e ¼ 4:3� 103 cm�1 M�1Þ.X-ray crystallography:
Crystal data and structure refinement parameters are summarized
in Table 1.

Compound 6. Yield 145 mg (99%). 1H NMR (300 MHz, d6-DMSO,
dÞ: 12.95 (s), 7.27 (m), 7.12 (m) ppm. 13C NMR (400 MHz, d6-DMSO,
dÞ: 195.6, 187.1, 162.1, 130.4, 130.3, 129.6, 128.6 ppm. ESI MS (po-
sitive ion): 568.9833 (M+Na). IR (CO stretch, cm�1): 2036 (s), 1924
(vs) (CO). CHN Anal. Calc. for ReC17H12O5N2Br: C, 34.58; H, 2.05; N,
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Fig. 4. UV-spectra for compounds 1, 3,7 and 9 in methanol.
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4.74. Found: C, 34.10; H, 1.96; N, 4.59%. UV–Vis absorption kmax

(MeOH) 392 nm (e ¼ 4:4� 103 cm�1 M�1Þ. Crystal data and struc-
ture refinement parameters are summarized in Table 1.

Compound 7. Yield 105 mg (85%). 1H NMR (300 MHz, d6-DMSO,
dÞ: 12.81(s), 11.62 (s) 2.75 (m), 2.67 (m), 1.63 (m) ppm. 13C NMR
(300 MHz, d6-acetone, dÞ: 195.4, 187.0, 160.7, 25.9, 19.9 ppm ESI
MS (positive ion): 612.9315 (M+Na). IR (CO stretch, cm�1): 2029,
1932, 1902. CHN Anal. Calc. for ReC9H10O5N2Cl: C, 24.11; H, 2.23;
N, 6.25. Found: C, 23.92; H, 1.94; N, 5.93%. UV–Vis absorption
kmax (MeOH) 364 nm (e ¼ 3:8� 103 cm�1 M�1Þ.

Compound 8. Yield 103 mg (85%). 1H NMR (300 MHz, d6-ace-
tone, dÞ: 12.62 (s), 2.73 (m), 1.61 (m) ppm. 13C NMR (300 MHz,
CDCl3, dÞ: 196.5, 185.3, 150.8, 29.8, 16.3 ppm. ESI MS (positive
ion): 514.9206 (M+Na). IR (CO stretch, cm�1): 2031, 1939, 1922.
CHN Anal. Calc. for ReC9H10O5N2Br:C, 21.96; H, 2.05; N, 5.69.
Found: C, 22.54; H, 2.00; N, 5.47%. UV–Vis absorption kmax (MeOH)
369 nm (e ¼ 2:1� 103 cm�1 M�1Þ.

Compound 9. Yield 108 mg (92%). 1H NMR (300 MHz,d6-DMSO,
dÞ: 13.28 (s), 8.94 (d), 8.23 (t), 8.06 (d), 7.66 (t) ppm. 13C NMR
(300 MHz,d6-DMSO, dÞ: 198.2, 196.3, 188.4, 155.4, 153.5, 153.5,
140.9, 128.4, 127.7 ppm. ESI MS (positive ion): 450.9471 (M+Na);
CHN Anal. Calc. for ReC9H6O4N2Cl: C, 25.27; H, 1.41; N, 6.55.
Found: C, 25.89; H, 1.23; N, 6.82%. IR (CO stretch, cm�1): 2030,
1925, 1878. Crystal data and structure refinement parameters are
summarized in Table 1. UV–Vis absorption kmax (MeOH) 377 nm
(e ¼ 2:9� 103 cm�1 M�1Þ.

Compound 10. Yield 104 mg (90%). 1H NMR (300 MHz, d6-
DMSO, dÞ: 13.29 (s), 8.96 (d), 8.18 (d), 8.09 (t), 8.05 (d) 7.65 (t)
ppm. 13C NMR (300 MHz, d6-DMSO, dÞ: 197.7, 195.8, 187.7, 173.8,
155.4, 154.1, 153.6, 141.4, 130.2, 128.3 ppm. ESI MS (positive
ion): 494.8966(M+Na), CHN Anal. Calc. for ReC9H6O4N2Br: C,
22.89; H, 1.28; N, 5.93. Found: C, 23.77; H, 1.01; N, 5.76%. IR (CO
stretch, cm�1): 2024, 1934, 1901. UV–Vis absorption kmax (MeOH)
386 nm (e ¼ 3:4� 103 cm�1 M�1Þ.

Compound 11. Yield 104 mg (85%). 1H NMR (300 MHz, d6-
DMSO, dÞ: 9.88 (s) 8.00 (d), 7.45 (t), 6.87 (NH2Þ ppm. 13C NMR
(300 MHz, d6-DMSO, dÞ: 198.4, 196.9, 189.9, 157.3, 153.3, 149.8,
140.1, 127.8, 123.4 ppm. ESI MS (positive ion): 465.9570(M+Na).
CHN Anal. Calc. for ReC9H7O4N3Cl: C, 24.41; H, 1.59; N, 9.49.
Found: C, 23.94; H, 1.73; N, 8.98%. IR (CO stretch, cm�1): 2021,
1925, 1893. UV–Vis absorption kmax (MeOH) 351 nm (e ¼ 4:0�
103 cm�1 M�1Þ.
Compound 12. Yield 101 mg (85%). 1H NMR (300 MHz, CD3CN,
dÞ: 8.90 (s), 8.16 (d), 7.95 (m), 7.62 (m), 6.42 (NH2Þ ppm; 13C
NMR (300 MHz, d6-DMSO, dÞ: 198.4, 197.1, 189.9, 157.9, 154.1,
150.5, 140.7, 128.3, 124.0. ESI MS (positive ion): 507.9032
(M+Na). CHN Anal. Calc. for ReC9H7O4N3Br: C, 22.18; H, 1.45; N,
8.62. Found: C, 22.18; H, 1.36; N, 8.25%. IR (CO stretch, cm�1):
2022, 1933, 1885. UV–Vis absorption kmax (MeOH) 367 nm
(e ¼ 4:4� 103 cm�1 M�1Þ. Crystal data and structure refinement
parameters are summarized in Table 1.
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