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Figure 10. Aromatic region of the 'H spectrum of A—2b and A—2b. The corresponding chemical structures are also provided. The labels are for assignment.

8, position A2 is cis to both B11 and C11 in rac—1a, whereas
position Al1 takes the corresponding place in rac—1b. The
distance between these positions predicted by the program
CaChe (Fujitsu) is about 3.5 A; therefore, we would expect
characteristic NOESY cross peaks for rac—la between
A2—B11 and A2—C11 and between A11—B11 and A11—C11
for rac—1b. Indeed, Table 1 shows these observed cross
peaks, thus enabling us to complete a full assignment of the
resonance signals and allowing us to confirm the relative
stereochemistry of rac—la and rac—1b. The assigned
chemical shifts of rac—1b are listed in Table S2 (see the
Supporting Information).

Coordination Induced Shifts (CIS) and Coordination
Properties of the dppz and phen Ligands. In order to take
a closer look into the coordination properties of the different
bidentate ligands for ruthenium complexation, we took 'H
spectra of all of the free ligands in the same solvent and
analyzed their CIS. The chemical shifts of the ligands in free
form and after coordination with ruthenium in rac—1a and
rac—1b are shown in Figure 9. Inspection of Figure 9a
reveals that the degeneracy in chemical shifts due to the C;,
symmetry of ligand B (dppz) remains unchanged in rac—1a
(except for a 0.04 ppm difference between positions 2 and
11), which suggests a very similar anisotropic effect of the
substituted phenanthrolines in this arrangement. Similar
results were observed by Myari et al.> in the bis-heteroleptic
complex attached with a short amino acid sequence [Ru(bpy),(m-
bpy-GHK)]CI, (GHK = glycine-L-histidine-L-lysine, m-bpy
= 4-methyl-2,2"-bipyridine), where the degeneracy in 'H
chemical shifts of the two bpy ligands was detected. The
CIS of dppz is 1.38 and 1.42 ppm at positions 2 and 11,

(23) Myari, A.; Hadjiliadis, N.; Garoufis, A. Eur. J. Inorg. Chem. 2004,
142, 7-1439.
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respectively, while it is 0.82 and 0.99 ppm for Me,phen at
2 and 11 and 0.76 and 1.07 ppm for A2 and All,
respectively. The coordination-induced shift in the ligand
dppz is larger than that in the phenanthroline derivatives,
which indicates the former to be a stronger o donor and 7
acceptor.” Inspection of Figure 9b reveals the removal of
the degeneracy in dppz of rac—1b: position 2 has a 0.07
downfield shift, while position 11 remains unchanged as
compared with the corresponding position in rac—1a. This
can be understood by looking into the orientation of ligand
A in rac—1b. The ligands are arranged in such a way that
one-half of the dppz (containing position 2) is located in the
region of the anisotropic ring current effect of the 4-car-
boxamide-substituted pyridine ring of A, whereas another
half (containing position 11) confronts the anisotropic effect
of a nonsubstituted pyridine ring of C in a similar way as in
rac—1a. Thus, for the ligands possessing C,, symmetry, the
observed different chemical shifts of positions 2 and 11 are
caused by the different anisotropic effect of the neighboring
ligands.” Inspection of ligand C (Me,Phen) reveals a weaker
upfield shift in position 2 than in position 11. Since positions
C2 and Cl11 are located in the anisotropic region of dppz
and substituted phen, respectively, we may thus deduce that
the ligand dppz causes a somewhat weaker anisotropic effect
than a phen ligand does. Since dppz has a larger st network,
the electron density is likely more delocalized, which results
in a weaker ring current and thus a weaker anisotropic effect.
It was indirectly evidenced by Freedman et al. that the phen
ligand induces a greater upfield shift than a bpy-type ligand,’
while comparison between the ligands dppz and phen has
never been published previously. Although [Ru(phen),-
dppz]** complexes were found to show binding activity with
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DNA,** no detailed NMR spectroscopic characterization of
the metal complexes was ever published. We present for the
first time a thorough characterization of the tris-heteroleptic
Ru(II) complexes and give a comparison of the coordination
properties of the phen and dppz ligands.

As an additional experiment, we thought that the introduc-
tion of an additional chiral center would destroy enantiom-
erism and allow us to observe two sets of peaks for each
relative diastereomer. We thus synthesized complex 2 (Figure
1), which contains carbon-centered chirality in ligand A in
addition to the metal-centered chirality. This results in the
degenerate pairs of enantiomers from 1 becoming distinct
diastereomers themselves when L-lysine is attached. That is,
each diastereomer contains two stereoisomers, combining to
give four species overall, A—2a, A—2a, A—2b, and A—2b.
We were able to separate the relative diastereomers A—2a
and A—2a from A—2b and A—2b, and shown in Figure 10
is the 'H spectrum of A—2b and A—2b in the aromatic
region. Two sets of signals with very similar chemical shifts
were observed at positions A2, A3, A6, A7, and A10 for
ligand A; B2, B3/10, B4/9, and B11 for ligand B; and C2,
C3/10, C4/9, and C11 for ligand C. With a careful analysis
of their H—H and C—H correlation spectra, we were able to
assign all of the signals. A full list of chemical shifts is
provided in the Supporting Information. The assignment of
relative stereochemistry was performed in a similar manner
to that for complex 1 by examining interligand cross peaks
in NOESY spectra (see Supporting Information Figure S2).
Strong cross peaks A2—B2, A2—C2, Al1—-Bll, and
A11—C11 were observed for A—2b and A—2b and their
stereo-structures verified.

(24) Dupureur, C. M.; Barton, J. K. Inorg. Chem. 1997, 36, 33-43.

Conclusion

In summary, we used two-dimensional NMR experiments,
DQF-COSY, HSQC, and HMBC to assign both 'H and '*C
signals of tris-heteroleptic ruthenium (II) polypyridyl com-
plexes [Ru(pp)(pp’)(pp”")](PFs),. Further analysis of NOE
contacts between ligands allowed us to make a full signal
assignment for these types of complexes for the first time
and to determine the relative stereochemistry. Thus, this
strategy provides a quick and reliable method for the
stereochemical assignment of tris-heteroleptic ruthenium(II)
complexes when other methods are inferior. Further, a
comparison of the coordination properties between the phen
and dppz ligands provides us with useful information for
designing ruthenium complexes where electrochemical and
steric properties are concerned.
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Note Added after ASAP Publication. Due to production
errors, this article was published ASAP on December 23,
2008, with Figures 2—7 identified incorrectly. The corrected
article was published ASAP on January 8, 2009.

Supporting Information Available: Lists of 'H and ’C
chemical shifts and a HMBC spectrum of rac—1a. This material
is available free of charge via the Internet at http://pubs.acs.org.
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